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Multiferroics are those materials with more than one ferroic order, and magnetoelectricity
refers to the mutual coupling between magnetism (spins and/or magnetic field) and electricity
(electric dipoles and/or electric field). In spite of the long research history in the whole 20th
century, the discipline of multiferroicity has never been so highly active as that in the first
decade of the 21st century, and it has become one of the hottest disciplines of condensed
matter physics and materials sciences. A series of milestones and steady progress in the past
decade have enabled our understanding of multiferroic physics substantially comprehensive
and profound, which is further pushing forward the research frontier of this exciting area.
The availability of more multiferroic materials and improved magnetoelectric performance are
approaching to make the applications within reach. While seminal review articles covering the
major progress before 2010 are available, an updated review addressing the new achievements
since that time becomes imperative. In this review, following a concise outline of the basic
knowledge of multiferroicity and magnetoelectricity, we summarize the important research
activities on multiferroics, especially magnetoelectricity and related physics in the last six
years. We consider not only single phase multiferroics but also multiferroic heterostructures.
We address the physical mechanisms regarding magnetoelectric coupling so that the backbone
of this divergent discipline can be highlighted. A series of issues on lattice symmetry, magnetic
ordering, ferroelectricity generation, electromagnon excitations, multiferroic domain structure
and domain wall dynamics, and interfacial coupling in multiferroic heterostructures, will be
re-visited in an updated framework of physics. In addition, several emergent phenomena and
related physics, including magnetic skyrmions and generic topological structures associated
with magnetoelectricity will be discussed. The review is ended with a set of prospectives and
forward-looking conclusions, which may inevitably reflect the authors’ biased opinions but
are certainly critical.
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We do not do the possible
While we do do some impossible
When an impossible goes to the possible
We are then asked what the possible deserves for
(Written by Jun-Ming Liu)
1. Introduction - history, concepts, & representative materials
1.1. Why multiferroics are interesting
As defined by Schmid in 1994, multiferroics refer to a big class of materials which exhibit
simultaneously more than one primary ferroic order parameter in a single phase [1]. We
illustrate the main features of four primary ferroic orders (moments) and their micro-
scopic origins in Fig. 1(a). The scope of this definition has been continuously extended
to cover a much broader spectrum of relevant materials. As a successive hot topic in
correlated electronic materials after high-TC superconducting cuprates and colossal mag-
netoresistive manganites, multiferroics have attracted enormous attention in the past
decade, due to their fascinating physics and applicable magnetoelectric functionalities.
A variety of promising technological applications include energy transformation, signal
generation and processing, information storage, and so on. Nevertheless, the main driving
force for multiferroic research in the past decade has been triggered more by scientific
curiosity rather than by application anticipation and investment.
So far most well studied multiferroic materials belong to complex transition metal
compounds, and this fact enables multiferroics to be the third part in parallel to high-TC
3
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superconducting cuprates and colossal magnetoresistive manganites in this big family.
The difference lies in the fact that cuprates and manganites are limited to Cu-based and
Mn-based oxides with perovskite or layered perovskite (Ruddlesden-Popper series) struc-
tures, but multiferroics cover a much broader spectrum of transition metal compounds
including most 3d electronic transition metal systems (from Ti to Cu) with various
structures and beyond oxides. Thus, on one hand, multiferroicity evidences substantial
complexity without a doubt, challenging our conventional understanding of electrons in
crystals since a huge package of materials with different structures and compositions are
involved and plethoric novel physical phenomena are manifested. On the other hand, the
physics of multiferroicity is fascinatingly unparalleled since these diverse materials share
common physical rules, some of which are sketched in Fig. 1(b).
Basically, magnetism and electricity are the two fundamental concepts in physics, and
they co-setup the unified framework of electromagnetism via the four Maxwell equations.
However, in crystals, magnetic moment and electric dipole are usually mutually exclusive,
namely only one or neither of them is available in one single material. Similar physical
phenomena in crystals include the mutual exclusion between magnetism and supercon-
ductivity. However, the discovery of high-TC superconductivity in doped cuprates and
iron-based materials breaks through this exclusion condition, in which the superconduc-
tivity always twists with magnetism. Similarly, the discovery of multiferroicity breaks the
principle of exclusion between magnetic moment and electric dipole. Extensive research
activities in the past decade have been enabling a comprehensive theoretical framework
of multiferroicity to be gradually established, which can explain many existing experi-
mental observations and lead to new predictions and experimental findings. In this sense,
the past decade of multiferroicity can be considered as a successful example of exploring
the physics of correlated electronic materials.
1.2. Trajectory of magnetoelectricity & multiferroicity
The earliest study on magnetoelectric effect in crystals can be traced back to the 19th
century. In 1894, based on the lattice symmetry argument, Pierre Curie predicted the
possibility of an intrinsic magnetoelectric effect in some crystals. While the terminology
“magnetoelectric effect” was defined by Debye in 1926, the speculation remained inactive
until 1960 when the first real magnetoelectric material Cr2O3 was discovered [2], following
Dzyaloshinskii’s generic prediction one year earlier [3].
In the whole 20th century, research on magnetoelectric physics and materials was quite
slow. On one hand, available magnetoelectric materials were rare and inactive, and the
observed magnetoelectric performance was poor. On the other hand, magnetoelectric
theories were basically phenomenological, lacking ingredients of modern electronic the-
ory based on quantum mechanics. Modern electronic theory of ferroelectricity was not
established until 1990s [4, 5]. Extensive research on correlated electronic materials includ-
ing high-TC superconducting cuprates from late 1980s [6] and colossal magnetoresistive
manganites in 1990s [7] laid a good foundation for the advanced multiferroic research.
In 1994, in a proceeding paper of MEIPIC2 (MagnetoElectric Interaction Phenomena In
Crystals) Workshop [1], Schmid coined a new terminology: multiferroics, which denotes
the coexistence of multiple ferroic orders in a single phase material. In 2000, in a seminal
paper entitled “Why are there so few magnetic ferroelectrics?”, Hill (Spaldin) clarified
the intrinsic challenges for accommodating magnetism and ferroelectricity in single phase
perovskite oxides [8], shedding a pessimistic prediction of this quiet discipline.
The long incubation period was finally over because of the two unexpected break-
4
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Figure 1. (Colour online) Multiferroicity and magnetoelectricity. (a) A schematic of four primary ferroic moments
and their microscopic origins. In general, a magnetic moment, which breaks the time-reversal symmetry, originates
from unpaired electrons and thus corresponding partially occupied orbitals (usually d or f orbitals). In contrast,
an electric dipole moment, which breaks the space-inversion symmetry, is a relative displacement of positive and
negative charges. Such a displacement usually occurs due to the preference for a coordinate (covalent) bond
between an ion (cation) with empty d orbitals and another ion (anion) with fully occupied p orbitals. An elastic
moment, which breaks neither the time-reversal symmetry nor the space-inversion symmetry, comes from lattice
distortions. A toroidal moment, which breaks both the time-reversal and space-inversion symmetries, can be
visualized as a toroidal arrangement of magnetic moments. However, this intuitive interpretation seems to non-
support the definition of toroidal moment as a primary ferroic order. An alternative scheme has been recently
proposed, where a magnetic monopole is defined as the fourth ferroic moment (See Sec. 5.1.1. for more details).
In the past decade, attention of the multiferroic/magnetoelectric community has been paid to the entanglement
between magnetic and electric dipole moments. The four hysteresis loops, each as the most important characteristic
of one ferroic-order, can be classified into two categories. The upper two loops are canonical: magnetization (M)
switched by magnetic field (H) and polarization (P) switched by electric field (E). The lower two loops denote
the magnetoelectric cross-controls, which are the desired targets for magnetoelectric research. (b) A grand garden
of multiferroics and magnetoelectrics, where several important physical issues, sub-disciplines, and crossovers with
other disciplines to be presented in this review, are cycled. The small spheres on the bottom denote the most-
commonly involved elements (ions) in magnetoelectric materials, which cover the whole 3d family excepts the head
and end.
throughs both occurred in 2003. The first one was the discovery of room-temperature
large ferroelectric polarization in coexistence with notable magnetization in BiFeO3 thin
films [9], which stimulated numerous subsequent investigations on BiFeO3 bulks, films,
and heterostructures. Although the reported strong magnetization was later found to
be non-intrinsic [10, 11], it was the first time to obtain a single phase magnetoelectric
compound offering excellent multiferroic performance with potential room temperature
applications. The second material is the orthorhombic TbMnO3, which has only a weak
polarization (∼ 0.1% of that of BiFeO3) developed only in low temperature (below 28 K)
[12]. In spite of its poor performance in terms of ferroelectric polarization and magnetism,
TbMnO3 represents a milestone material which offers intrinsically a strong magnetoelec-
tric coupling, giving a 100% polarization flip driven by a magnetic field of several Tesla.
We will review these two unique materials later.
In the next year, another two interesting multiferroic materials were discovered: or-
thorhombic TbMn2O5 [13] and hexagonal HoMnO3 [14]. Similar to TbMnO3, TbMn2O5
also demonstrated a strong magnetoelectric coupling, giving a switchable polarization
upon magnetic field, although its ferroelectricity is poor too (low ferroelectric Curie tem-
perature of 38 K and small polarization of ∼ 0.04 µC/cm2). In contrast, the magneto-
electric behavior of hexagonal HoMnO3 is highly appreciated due to its high ferroelectric
Curie temperature (up to 875 K) although its antiferromagnetic Ne´el temperature is rel-
5
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Figure 2. (Colour online) A schematic landscape of multiferroic and magnetoelectric materials. (a) The version
proposed by Eerenstein, Mathur, and Scott in 2006 [16], where only the ferromagnetic + ferroelectric materials are
called multiferroics. (b) An updated version (according to the authors’ biased viewpoint), where the multiferroic
zoo contains more members, not limited to the ferromagnetic + ferroelectric materials. For example, if a material
is antiferromagnetic and ferroelectric, it can be certainly considered as a multiferroic. Magnetoelectric materials,
which show magnetoelectric response/coupling, cover an even broader spectrum beyond ferroic materials.
atively low (75 K). The magnetoelectric manifestation was evidenced with electro-control
of antiferromagnetic domains. In fact, as early as 2002, the coupling between antiferro-
magnetic domains and ferroelectric domains was observed in hexagonal YMnO3 [15], a
cousin of hexagonal HoMnO3, using the second harmonic generation technique.
Since then, the activities to this exciting discipline have been enormous, featured by
reports of a huge number of novel materials and magnetoelectric phenomena, revolu-
tionary understanding of the microscopic mechanisms, and gradual establishment of a
new framework of multiferroicity, thus making multiferroicity to be understandable and
predictable in a microscopic quantum level, much different from the phenomenological
scenario.
In concomitant with the research progress, the essence and extension of multiferroics
and magnetoelectrics (also multiferroicity and magnetoelectricity) have been in gradual
development. In the beginning, terminology “multiferroic” in the narrow sense defines
a material exhibiting both ferromagnetism and ferroelectricity, as schematically shown
in Fig. 2(a). Nowadays, “multiferroic” as a well-accepted concept can cover a mate-
rial with one antiferroic-order plus another ferrioic-order, and “multiferroicity” refers
to the coexistence of these ferroicities, as illustrated in Fig. 2(b) where the multifer-
roic/multiferroicity territory has been substantially expanded. In fact, most type-II mul-
tiferroics to be addressed in this article are antiferromagnetic and ferroelectric. Another
terminology “magnetoelectric” (including magnetoelectric coupling, magnetoelectric re-
sponse, and magnetoelectricity etc), once popular in the multiferroic community, has
been much more acknowledged nowadays, and its inclusion becomes even broader. First,
magnetoelectricity can be achieved at an interface between two non-multiferroic materi-
als constituting a heterostructure. Second, some non-multiferroic single phase compounds
may exhibit magnetoelectric response. In fact, the first discovered magnetoelectric ma-
terial, Cr2O3, is not a multiferroic. Third, magnetoelectricity may emerge, e.g. as a
consequence of the surface state of a topological insulator which usually has no mag-
netism or electric dipoles. Therefore, “magnetoelectric” as a terminology covers a much
broader spectrum than “multiferroic” does, as schematically illustrated in Fig. 2(b). In
this review, the two terminologies will be extensively and crosswise used, following the
above definitions.
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1.3. Two representative materials
As aforementioned, BiFeO3 and TbMnO3 were the first two multiferroics leading to
revival of the current excitement of magnetoelectricity in the 21st century. The two per-
ovskites, belonging to different types of multiferroics, have been extensively studied not
only for their magnetoelectric performance but also more for their representativeness
leading to new physics of multiferroicity. A number of experimental findings and rele-
vant physical models stemming from them have been proven to be of broad generality
applicable to other multiferroics. A parallel revisiting of the two materials and relevant
findings would be helpful for a generic roadway on how physics proceeds from a particular
to a general scenario of multiferroicity.
1.3.1. BiFeO3
The room-temperature crystal structure of bulk BiFeO3 is a rhombohedral perovskite,
in which the oxygen octahedra rotate alternatively along the pseudo-cubic [111]-axis (i.e.
the a−a−a− type distortion in the Glazer notation [17]), as shown in Fig. 3(d). Although
BiFeO3 as a magnetoelectric material with high critical temperatures (TC ∼ 1103 K for
ferroelectricity and TN ∼ 643 K for antiferromagnetism, both of which are above room
temperature) was reported long time ago, its ferroelectric polarization was quite small
(i.e. ∼ 6 µC/cm2 for single crystal) and its magnetization was also very weak at that time
[18]. However, these facts were completely changed in 2003 by Ramesh group in Mary-
land at that time, and Wang et al. observed a residual polarization as large as Pr ∼ 55
µC/cm2 along the [001] direction (as shown in Fig. 3(a-c)) in the high-quality epitaxial
BiFeO3 thin films deposited on SrTiO3 substrate [9]. Meanwhile, a large magnetization
was also claimed, which can reach ∼ 0.5 − 1.0 µB/Fe. The large spontaneous polariza-
tion, strong magnetization, and high critical temperatures, are almost all the required
properties for practical applications, stimulating the research on every aspect of BiFeO3
as a multiferroic in both bulk and film/heterostructure forms in the subsequent years till
today. Its large ferroelectric polarization has been confirmed to be intrinsic [19], in spite
of the questions on the nature of magnetization [10, 11].
Different from thin film BiFeO3, bulk BiFeO3 (in both ceramic and single crystal forms)
has been for a long time much less interesting due to the notorious leakage caused by
nonstoichiometry of species and high density of defects. Substantial efforts have been
devoted to synthesis trials which can produce stoichiometric and defect-free samples,
including the rapid liquid phase sintering [23]. This issue has not been resolved until the
successful synthesis of high quality single crystals [24], and relevant measurements did
confirm the large spontaneous polarization: ∼ 60 µC/cm2 along the [001] direction and
∼ 90 − 100 µC/cm2 along the [111] axis or its equivalent axes (see Fig. 3(g-h)), which
made BiFeO3 competitive and a superstar multiferroic.
It is nowadays known that the large polarization of BiFeO3 mainly comes from the
Bi3+ ion, but additional source associated with the Fe3+ spin order is still under debate.
The 6s2 lone pair of Bi3+, just like the d0 orbitals, has a strong tendency to form the
coordinate bond along one direction. This 6s2 lone pair mechanism for ferroelectricity
is not new and similar case can be found in well known normal ferroelectric PbTiO3.
As for magnetism of BiFeO3, it is now clear that the Fe
3+ is in the high spin state,
giving a local moment of ∼ 5 µB/Fe. The spins form a G-type antiferromagnetic order
(as shown in Fig. 3(e)) below TN ∼ 643 K, namely all the nearest-neighbor moments are
antiparallel. However, an ideal G-type antiferromagnetism does not show any nonzero net
magnetization, a weakness for applications. Interestingly, careful investigations revealed
7
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Figure 3. (Colour online) Multiferroic properties of BiFeO3. (a) A typical room-temperature ferroelectric hystere-
sis measured along the pseudo-cubic [001]-axis. The full polarization, pointing along the pseudo-cubic [111]-axis,
should be
√
3 times larger. (a) From J. Wang et al., Science, 299, pp. 1719-1722, 2003 [9]. Reprinted with permis-
sion from the American Association for the Advancement of Science. (b-c) Room-temperature piezo-response force
microscopy images of ferroelectric domains. The images are from the in-plane signals and the inserts are from the
out-of-plane signals. The domains in (b) are stripe-like with the 71◦ domain walls, while the domains in (c) are
mostly mosaic-like with considerable amount of the 109◦ and 180◦ domain walls. (b-c) Reprinted with permission
from L. W. Martin et al., Nano Letters, 8, pp. 2050-2055, 2008 [20]. Copyright c©(2008) by the American Chemical
Society. (d) A schematic of rhombohedral structural frame (yellow) and pseudocubic frame (blue). (e) The G-type
antiferromagnetic pattern with arrows for the Fe magnetic moments. The red shadow marks the pseudo-cubic
(111) plane. (f) The geometrical (perpendicular) relationship among three vectors: polarization (P) along the
pseudo-cubic [111] axis, antiferromagnetic order parameter (L), and canted magnetization (M). (g) A schematic
of the equivalent axes of polarizations and their inclined angles. (h) A schematic of the three-types of domain
walls. (d-h) Reprinted with permission from J. T. Heron et al., Applied Physics Reviews, 1, p. 021303, 2014 [21].
Copyright c©(2014) by the American Institute of Physics. (i) A schematic of the spin rotation and cycloidal vector
(k1). Here two polarization domains with a domain wall (light gray plane) are illustrated. (j) A schematic of the
antiferromagnetic circular cycloid along the pseudo-cubic [10-1] axis, whose period is about 64 nm. (i-j) Reprinted
with permission from J. T. Lebeugle et al., Physical Review Letters, 100, p. 227602, 2008 [22]. Copyright c©(2008)
by the American Physical Society.
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a spiral modulation superposed onto the G-type antiferromagnetic order as shown in
Fig. 3(f). This modulation lasts a spatial period as long as 62− 64 nm (Fig. 3(i-j)) [22,
25, 26] due to the accumulation of Fe3+ spin canting [27]. This spiral modulation can be
suppressed by spatial confinements, as found in thin films and nanostructures [28], giving
rise to a weak magnetization as a result of the Dzyaloshinskii-Moriya (DM) interaction.
It is implied that a large magnetization may not be expected in spite of a large number of
reports on the ferromagnetism in BiFeO3. The G-type antiferromagnetic alignment plus
the spiral spin canting of BiFeO3 allows opportunities for interfacial magnetic coupling in
multiferroic heterostructures, where BiFeO3 plays several roles as ferroelectric substrate,
antiferromagnetic pinning layer for exchange bias, interfacial quantum modulation donor,
and so on. These are the reasons for BiFeO3 to be the best multiferroic material so far.
In fact, in a long period even after 2003, BiFeO3 was the only multiferroic showing
both the magnetism and ferroelectricity above room temperature. Together with its large
ferroelectric polarization, BiFeO3 is no doubt the first superstar in the multiferroics fam-
ily. Besides, BiFeO3 has been studied for its photovoltaic effect [24], photocatalytic effect
[28], and fascinating role in domain wall nanoelectronics [29], all of which are associated
with its prominent ferroelectricity. More physical mechanisms involved in BiFeO3 and
its heterostructures will be introduced in the following sections. Readers can also refer
to several excellent topical reviews, e.g. Ref. [30] for bulk, Ref. [21] for heterostructures,
Refs. [31, 32] for thin films and devices.
1.3.2. TbMnO3
As the other unique material discovered in 2003, TbMnO3, another perovskite oxide with
orthorhombic structure, has also attracted sufficient attention. An impulsive analog to
compare TbMnO3 and BiFeO3 is that they are the two sides of a perfect multiferroic. In
physics, TbMnO3 may be superior to BiFeO3. Instead, for promising applications, BiFeO3
is much more powerful than TbMnO3. TbMnO3 only exhibits a weak ferroelectricity
[12]: 1) low critical (Curie) temperature ∼ 28 K; 2) small polarization (∼ 0.06 − 0.08
µC/cm2), one thousand times smaller than that of BiFeO3, as summarized in Fig. 4(a-d).
In addition, the temperatures for magnetic ordering in TbMnO3 are low, as shown in
Fig. 4(a-b). The strong activities on TbMnO3 is mainly due to its unbeatable significance
of physics, and most of the fundamental findings with the so-called type-II multiferroics
(definition to be given below), conceptually different from BiFeO3 which belongs to the
type-I multiferroics, were originated from TbMnO3.
As revealed in Kimura et al.’s experiment [12], TbMnO3 becomes antiferromagneti-
cally ordered below temperature TN ∼ 40 K (Fig. 4(a-b)). This antiferromagnetism is
quite complex, with a sinusoidal-type of modulation of the b-axis components of Mn3+
magnetic moments. The modulation period is incommensurate to the lattice constant
and decreases with decreasing temperature [33]. At temperature Tlock−in = 28 K, this in-
commensurate modulation is locked-in and the sinusoidal-type of modulation turns to be
a cycloid spiral in the b− c plane (Fig. 4(g)), as revealed by neutron studies [34]. Further
reducing temperature leads to the independent Tb3+ spin ordering below temperature
TTb ∼ 7 − 8 K, which is even more complex and has not been well understood so far.
The most interesting property of TbMnO3 is the emergence of a ferroelectric polarization
right below Tlock−in, coinciding with the cycloid spiral ordering (Fig. 4(c-d)). In the other
words, the ferroelectricity shares the identical transition temperature with the magnetic
ordering, implying an intrinsic entanglement between the spiral-type antiferromagnetism
and ferroelectricity in TbMnO3. A magnetic field up to several Tesla can tune the spiral
plane from the b − c plane to the a − b plane, together with a simultaneous switching
9
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Figure 4. (Colour online) (a-f) Temperature dependent of multiferroic and other physical properties of TbMnO3
single crystal. (a) Magnetization (left) and specific heat/temperature (right). Two transitions (at TN and Tlock)
can be identified. (b) Incommensurate modulation of magnetic moments. With decreasing temperature, the mag-
netic signal appears since TN and the wave number is (almost) fixed below Tlock. (c) The dielectric constants
along different crystalline axes. Only the one along the c-axis shows a sharp peak at Tlock. (d) The pyroelectric
polarization emerges below TC, with an additional tiny anomaly at ∼ 7 K corresponding to the independent or-
dering of Tb3+ magnetic moments. (e-f) The modulation of polarizations along the c-axis (e) and a-axis (f) upon
increasing magnetic field applied along the b axis. (a-f) Reprinted by permission from Macmillian Publishers Ltd:
T. Kimura et al., Nature, 426, pp. 55-58, 2003 [12]. Copyright c©(2003). (g) A schematic of the Mn3+ moment
orders below Tlock. (g) Reprinted with permission from T. Arima et al., Physical Review Letters, 96, p. 097202,
2006 [33]. Copyright c©(2006) by the American Physical Society.
of the polarization from the c-axis to the a-axis as demonstrated in Fig. 4(e-f), fur-
ther confirming the strong coupling between magnetism and ferroelectricity. This effect
is absent in BiFeO3-like multiferroics. Similar multiferroic behaviors were also found in
isostructural DyMnO3 and Eu1−xYxMnO3 [35, 36]. The polarization of DyMnO3, some-
how larger (∼ 0.2 µC/cm2) than that of TbMnO3, remains far smaller than the value
of BiFeO3. The Tlock−in of DyMnO3, ∼ 18 K, is even lower than that of TbMnO3. For
Eu0.75Y0.25MnO3, the phase competition between the A-type antiferromagnetic phase
with weak canted ferromagnetism and the spiral spin phase allows possibilities to cross-
control of magnetization and polarization by electric and magnetic fields respectively
[37], paving a route towards colossal magnetoelectricity [38].
The details of physical mechanisms involved in TbMnO3 and related systems will be
10
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discussed in the following sections. Readers can also consult to the excellent review by
Kimura [39]. Here, we have intentionally discussed BiFeO3 and TbMnO3 as two repre-
sentatives to introduce how the current research on multiferroics happened, noting again
that BiFeO3 and TbMnO3 are indeed quite different from each other in terms of the ori-
gin of ferroelectricity and manifestation of magnetoelectric coupling. These discussions
portray the physical motivations for a classification of multiferroics, foreshadowing the
attempts in classifying multiferroics in the subsequent years by various researchers.
1.4. Classifying multiferroics
In 2007, Cheong and Mostovoy classified ferroelectrics into two families: 1) proper ferro-
electrics; 2) improper ferroelectrics [40]. In proper ferroelectrics, the coordinate bonding
between 3d0 metal ion (e.g. Ti4+) and anion (e.g. O2−) is believed to be the necessary
ingredient for inducing ferroelectric polarization. However, in this case, the d0 property
usually implies the absence of magnetism, excluding a traditional ferroelectric to be a
multiferroic. Another source for the proper ferroelectricity is the 6s2 lone pair, as found
in BiFeO3, PbTiO3, and Pb(Fe1/2Nb1/2)O3 [41], where Bi
3+ or Pb2+ contributes to the
ferroelectric polarization but magnetism comes from the B-site transition metal like Fe3+,
which ensures the coexistence of multiple ferroic orders in a single material. For the im-
proper ferroelectrics, the origin of ferroelectricity is no longer so traditional, which can
be structural transition driven (the so-called geometric ferroelectricity), charge-ordering
driven (the so-called electronic ferroelectricity), or magnetic ordering driven (the so-
called magnetic ferroelectricity). Indeed, a number of improper ferroelectrics do have
magnetism, while exceptional examples include non-magnetic geometric ferroelectrics
such as (Ca,Sr)3Ti2O7 discovered recently [42].
In 2009, Khomskii revisited the issue of multiferroic classification, and he proposed a
classification of multiferroics into two categories [43]. The type-II multiferroics refer to
those magnetic ferroelectrics, in which ferroelectricity is induced by some specific mag-
netic orders, as evidenced in TbMnO3. All the other multiferroics are called the type-I
multiferroics, in which ferroelectricity does not have magnetic origin, with BiFeO3 as an
example although it does contain magnetic ion. Khomskii highlighted the physical signifi-
cance of the type-II multiferroics, and acclaimed the discovery of the type-II multiferroics
to be “the biggest excitement nowadays”. Both the type-I and type-II families can be
further sub-classified according to the delicate difference in the origin of ferroelectricity.
Besides these two widely accepted classifications, other choices were once discussed.
For example, also in 2009, Picozzi and Ederer proposed a partition of electronic magnetic
ferroelectrics, a sub-class of multiferroics, into two types (spin-ordering driven and charge-
ordering driven), according to the underlying driving forces of ferroelectric polarization
[44]. There exist some overlaps between the two types, and the spin-ordering driven
family can be further partitioned into smaller classes. In principle, these classifications
have no essential distinction and the origin of ferroelectricity is the core criterion.
1.5. Motivations for the present review
1.5.1. Existing reviews
In the past decade, a series of review articles have been published in concomitance with
the significant progress of multiferroic materials and magnetoelectric physics. In 2005,
Fiebig published his seminal review entitled “Revival of the magnetoelectric effect” [45],
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which presents an integrated introduction to the history and the latest progress till that
time. As a leading review, it boosted the multiferroic research community which has been
continuously expanding. At that time, our understanding of BiFeO3 and TbMnO3 etc was
yet in the early stage, and magnetoelectric composites occupied the main characters of
that review. The magnetoelectric physics was mainly discussed in the framework of phe-
nomenological theory. In the same year, Prellier, Singh, and Murugavel published their
review paper entitled “The single-phase multiferroic oxides: from bulk to thin film” [46],
in which the available experimental results on BiMnO3, BiFeO3, RMnO3, and RMn2O5
at that time were outlined in details.
More attention to single phase multiferroics was given in the short review article full
of wisdom by Eerenstein, Mathur, and Scott in 2006: “Multiferroic and magnetoelectric
materials” [16]. Both the single phase and composite materials were reviewed, focusing
on the symmetry issue of multiferroic order parameters. Subsequently, in 2007, Cheong
(one of the current authors) and Mostovoy published their well-known review article
entitled “Multiferroics: a magnetic twist for ferroelectricity” [40]. In this review, specific
attention was paid onto magnetic ferroelectrics, complying with the substantial progress
both theoretically and experimentally in 2004-2006. The keyword, as coined “magnetic
twist”, stimulated researchers in a vivid and imaginative way. Meanwhile, Ramesh and
Spaldin published another short but impressive review entitled “Multiferroics: progress
and prospects in thin films” [47], which was instead devoted to various aspects of mul-
tiferroic thin films (mainly BiFeO3 thin films) besides magnetoelectric coupling based
novel device physics and relevant issues. A comprehensive survey on all aspects of multi-
ferroic researches was not available until 2009 when Wang and two of the current authors
(J.M.L and Z.F.R) published their review article entitled “Multiferroicity: the coupling
between magnetic and polarization orders” [48]. In 2011, Velev, Jaswal, and Tsymbal
published a review entitled “Multi-ferroic and magnetoelectric materials and interfaces”,
covering both bulks and heterostructures [49].
Besides the above mentioned several review papers, quite a few of excellent topical
reviews focusing on particular branches of multiferrocity are available. For example,
Kimura published two reviews: one on multiferroic spiral magnets [39] and one on mag-
netoelectric hexaferrites [50]. Tokura and his collaborators summarized the milestone
progresses on multiferroics with spiral spin orders [51, 52] and on electrical control of
magnetism (which even goes beyond multiferroics) [53]. Johnson and Radaelli wrote a
review on diffraction studies of multiferroics [54]. Dong and Liu presented a short review
on type-II multiferroic manganites [55].
For magnetoelectric heterostructures as a specific branch of multiferroic discipline,
several excellent reviews deserve for mention, including Vaz’s article on electrical control
of magnetism in multiferroic heterostructures [56], Ramesh and collaborators’ papers
on multiferroic oxide thin films and heterostructures [21, 57], and Martin’s papers on
synthesis of multiferroic thin films [58, 59]. A recent survey article on similar topics by
Lu et al. [60] and a mini-review by Huang and Dong on ferroelectric control of magnetism
and transport in oxide heterostructures [61] are also noted. Besides, there exist several
interesting prospects which can give beginners a simple introduction of multiferroicity
[62–64].
1.5.2. Why do we need the current one?
Given a number of already available review and survey articles, why do we need the
current one? The answer is in fact simple. After more than ten years of booming de-
velopment, this promising discipline has gradually entered into a new era, featured by
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several aspects. First, advanced investigations in the last six years since 2010 found more
exciting materials and demonstrated many novel phenomena, laying a solid fundamental
framework of multiferroic physics which was far more than what was done before 2010.
Second, a number of individual and isolated findings before 2010 have been coherently
linked from one and another by clarifying those uncertainties and discarding those im-
proper observations. A logistically self-consistent description of multiferroic physics and
materials science becomes possible, which even meets the boundaries with other con-
densed matter branches, e.g. superconductors and topological matters. Third, in parallel
to these developments, a series of issues and challenges have been emerging, calling for
new understanding of “old” subfields in recent years, and some of them can be essen-
tial. These motivations enable a view of the whole discipline from a relatively high level.
Along this line, an updated review of the major advancements since 2010 is definitely
imperative.
The present review will be devoted to a physically sound platform on which most of
those experimental and theoretical findings accomplished since 2003 will be laid into a
common framework: multiferroicity, while major attention is paid to the contributions
since 2010. Several satellite discoveries associated with magnetoelectric effect in various
classes of materials, in particular some topological structures such as skyrmion, vortex,
and specific topological domain structures etc, will be covered. Nevertheless, it should
be noted that due to topical choice limitation, some branches of magnetoelectricity such
as magnetoelectric composites dominated with interfacial strain mediated coupling and
related magnetoelectric devices, is not considered. Readers who interest in these topics
can find relevant details in several reviews [65–68]. Besides, ferroelastic and ferrotoroidic
materials are not covered either, and readers may consult to Salje’s review on ferroelastic
materials [69], and Spaldin et al.’s brief review on toroidal moments [70], as well as
the first paper on ferrotoroidic materials [71]. We don’t touch much of those magnetic
materials with improper ferroelectricity driven by charge-ordering, e.g. LuFe2O4,[72],
noting van der Brink and Khomskii’s brief review on this issue [73]. These choices are
made more or less compelled to the authors’ bias and knowledge, and the authors are
responsible for the choices.
It should be mentioned that some overlapping of the present review with the previous
articles is inevitable although duplicate description is avoided as far as possible. Several
issues which have been covered by the previous reviews may be re-visited due to an
alternative or updated understanding afterwards. The two examples are electromagnon
excitations and new physics in hexagonal manganites. For accessing this review, some
basic knowledge of quantum mechanics and elementary condensed matter physics are
required. More than five hundred of references are cited here, covering the most relevant
literature on multiferroicity and related topics. However, considering that there have been
thousands of technical reports and papers (certainly even more) on this topic published
in the past decade, it is likely that some important papers may have been unintentionally
missed. We apologize in advance for these oversights, and encourage colleagues whose
works are not mentioned to contact us, so that their contributions can be properly cited
in our future publications if any.
2. Phenomenological approach: symmetry & coupling
We start from phenomenological approaches incorporated with symmetry analysis to
magnetoelectricity. This section is thus devoted to the Landau phenomenological theory.
It goes beyond individual materials and scattered microscopic mechanisms, rendering the
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general applicability. Nevertheless, it should be mentioned that the Landau theory on
magnetoelectricity has been continuously updated by incorporating more energy terms
associated with newly found microscopic mechanisms, and thus there have emerged sev-
eral different versions of this theory. One of the representatives is the comprehensive
theory developed by Harris [74], which reasonably handles every aspect for a few typical
materials [75, 76]. For a consideration of readability and generality, we will follow the
Mostovoy’s version [77] with proper extensions.
2.1. Time-reversal symmetry & space-inversion symmetry
Symmetries are the most fundamental physical ingredients or mathematical characters,
corresponding to particular invariant quantities under some transformations. The pri-
mary ferroic orders, e.g. ferroelectric order and ferromagnetic order, can be characterized
according to their symmetries. The two basic symmetries associated with magnetism and
ferroelectricity are time-reversal symmetry and space-inversion symmetry. The electric
(charge) dipole P, defined as
∑
iQiri where Qi denotes charge at position i, breaks the
space-inversion symmetry due to the involved space vector r, but keeps the time-reversal
symmetry. In contrast, the magnetic moment M, or namely spin S, breaks the time-
reversal symmetry but keeps the space-inversion symmetry, because a magnetic moment
can be expressed as ∼ dQrdt × r′ (t: time), in analogy to a current loop. Therefore, the
charge dipole P and magnetic moment M associate different symmetries and thus are
naturally independent.
Besides the ferroelectric order and ferromagnetic order, there exist two more primary
ferroic orders [71]: ferroelastic order which breaks neither the time-reversal symmetry
nor the space-inversion symmetry [69]; and ferrotoridal order T ∼M × r which breaks
both the time-reversal symmetry and the space-inversion symmetry [70]. One can find
some more extended ferroic orders, e.g. antiferromagnetic order parameter, defined as
L = M1 −M2 where the suffixes 1 and 2 denote the sublattices. Here the time- and
space-symmetry consensus constitutes the basis for Landau theory on magnetoelectricity.
2.2. Magnetoelectric coupling based on order parameters
The Landau theory is an elegant approach to formulate a general expression of continuous
(i.e. second-order) phase transitions. The free energy near the phase transition points
can be formulated as the Taylor expression of some order parameters. For example, for a
ferromagnet/ferroelectic without external magnetic/electric fields, this formulation can
be written as:
Fm = Fm0 + αmM
2 + βmM
4 + ......,
Fp = Fp0 + αpP
2 + βpP
4 + ......, (1)
where Fm0 (Fp0) is the “original” free energy without magnetism (polarization), α and β
are the Landau coefficients. The absence of odd power orders of M and P is required by
the invariance of energy as a scalar quantity under both time-reversal and space-inversion
operations. For example, a term like M3 breaks the time-reversal symmetry, and thus Fm
will change if the time sequence is reversed, which is physically forbidden. If an external
magnetic field H (electric field E) is applied, terms like M ·H (P · E) does not violate
the symmetry and thus is allowed in the free energy. The symmetry restriction makes
the “lowest” power order of magnetoelectric coupling term nothing other than P2M2.
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Figure 5. (Colour online) A schematic of two specific magnetic orders, and both of them may generate ferroelec-
tricity. The arrows denote magnetic moments. (a) A spin chain with spiral order: upper for clockwise helicity and
lower for anticlockwise helicity. These helicities may break the space inversion symmetry. (b) An E-type antifer-
romagnetic order. If the one-unit-cell translational symmetry is broken, a parity can be defined to distinguish the
upper and lower patterns.
However, such a coupling term takes already the fourth power order, higher than the
primary ferroic order term P2 or M2, implying that the magnetoelectric effect is indirect
(e.g. via strains in magnetoelectric composites) and weak.
One of the great progresses in the past decade has gone beyond this conventional
magnetoelectric coupling term. For example, although a single magnetic moment only
breaks the time-reversal symmetry, a spatial collection of many magnetic moments, which
forms specific magnetic orders M(r), can break the space-inversion symmetry and thus
couple with ferroelectric order. Two representative magnetic orders will be discussed
here in details, and others which have been addressed in literature will only be briefly
mentioned. Basically, these specific magnetic orders can be classified into two categories:
helicity and parity, although other possibilities can’t be excluded.
2.2.1. Helicity
Helicity is a widely-existing phenomenon in nature. For example, morning glories in pat-
tern always obey the right-hand rule, namely winding in the anti-clockwise direction.
This right-hand rule applies to most winding plants with only a few exceptions. The
winding helicity also exists in DNA structures, hurricanes, and solar systems. In a quan-
tum world, if spins form a spiral order with a clockwise or anti-clockwise helicity, as
schematically shown in Fig. 5(a), the magnetic ordering may break the space-inversion
symmetry. A space inversion operation (r→ −r) may on the other hand alter the helicity
between the clockwise and anti-clockwise rotations.
In 2006, Mostovoy proposed a phenomenological theory on the coupling between a
noncollinear spiral spin order and ferroelectric polarization [77]. The free energy for a
magnetoelectric coupling reads as:
Fem = γP · [M(∇ ·M)− (M · ∇)M) + ...], (2)
where γ is the coefficient. Since the space derivative operation ∇ breaks the space-
inversion symmetry, neither space-inversion symmetry nor time-reversal symmetry will
be violated in the free energy. This magnetoelectric coupling takes the cubic power order
of ferroic order parameters, lower than the fourth order (P2M2). Therefore, the upper-
limit of coefficient γ may be large. To provide an evidence to this prediction, one considers
the electro-static energy in the quadratic term of polarization P2/2 ( is the dielectric
constant) to be included in the total free energy. It is straightforward to obtain the
induced polarization by minimizing the total energy, yielding:
P = γ[M(∇ ·M)− (M · ∇)M]. (3)
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According to Eq. 3, if all magnetic moments are uniformly aligned, namely for an
ideal ferromagnetic order, the derivation of M is zero, giving zero polarization. If these
moments are frustrated to be spatially modulated, Eq. 3 may give rise to a nonzero P. For
example, one considers a noncollinear spiral/conical magnetic order which is expressed
as:
M(r) = Mx cos(Q · r)x +My sin(Q · r)y +Mzz, (4)
where Q is the propagation vector in reciprocal space and r is the position vector in real
space; Mx, My, and Mz are the components of magnetic moment along the x, y, and
z axes, respectively. If Mz = 0, a coplanar spiral order is expressed, otherwise a three-
dimensional conical order with a net magnetic moment along the z axis is obtained. An
averaged polarization immediately obtained from Eq. 3 is:
< P >= γMxMy(z×Q). (5)
This equation clearly indicates that a nonzero polarization perpendicular to the prop-
agation vector Q and the spiral axis z can be generated in such a noncollinear spi-
ral/conical spin order. In this sense, a cycloid spiral, with z⊥Q, allows a nonzero < P >
but a screw spiral, with z||Q, is incapable of doing so 1.
This phenomenological scenario of cycloid spiral driven ferroelectricity explains rea-
sonably experimental observations on TbMnO3. As highlighted in Sec. 1.3.2, the Mn
3+
moments develop a cycloid spiral lying in the b − c plane with a wave vector along the
b-axis (Q||b), as shown in Fig. 4(e). According to Eq. 5, the induced P must be aligned
along the c-axis, consistent with the experimental observations. The magnetic field driven
polarization reversal can be understood as a consequence of the spiral plane rotation from
the b− c plane to the a− b plane. For the a− b plane spiral, Q remains along the b-axis
and thus the induced P is aligned along the a-axis. In fact, TbMnO3 is a representative
case in which almost all the experimental observations can be well explained by this
simple phenomenological model, including the electric/magnetic control of spin helicity
[78, 79].
It is noted that this phenomenological model is basically material-independent but a
quantitative agreement with experiments remains elusive, partially because of absence of
relevant thermodynamic parameters. Surely, besides TbMnO3, several other frustrated
magnets with the spiral spin order also exhibit weak ferroelectric polarization, as sum-
marized in Kimura’s review [39]. The main features do fit qualitatively the model pre-
dictions. The success of this phenomenological model allows a sketch of an elegant and
unified physics scenario possible, although these materials are actually very complex with
distinctions from case to case.
An extension of this model can be made to a conical order which is certainly more
interested than the coplanar spiral order. Although component Mz does not explicitly
appear in Eq. 5, it provides a net magnetization along the z-axis, which is advantageous
for multiferroic tuning by magnetic field [80, 81]. The Zeeman energy HzMz can tune the
conical’s spiral plane and the magnitudes of Mx and My. There exist plenty of magnets,
e.g. hexaferrites, which have non-coplanar conical order and thus induced polarization.
This issue will be discussed later in Sec. 3.4.5 and readers may consult to Kimura’s
another review for details [50].
1A few exceptions will be discussed later.
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2.2.2. Parity
Besides the noncollinear spin orders, some special collinear spin orders can also break the
space-inversion symmetry. Here, the key figure with these collinear orders is the parity
instead of the helicity. Similar to helicity, parity is also an important concept in the
symmetry consensus. A parity transformation denotes a point reflection, which changes
vector r to −r. In this sense, a polarization (electric dipole), is asymmetric under the
parity operation. What can a spin order do here? We discuss a one-dimensional Ising
spin chain as the simplest example. As shown in Fig. 5(b), all the spins form an ...↑↑↓↓...
type order. For any site in this chain, its left and right neighbors are non-equivalent. In
the other words, the parity symmetry is broken for a point reflection operation at any
site. A parity-relevant order parameter (Ψi) for each site i is defined as (Mi−1 −Mi+1).
Obviously, a time-reversal invariant can be constructed as:
Ω = Ψ1 ·Ψ4 = Ψ2 ·Ψ3 = (M1 −M3) · (M2 −M4). (6)
One sees that a shift of spin pattern by one span, giving ↑↓↓↑ or ↓↑↑↓, reverses only
one of Ψ2 and Ψ3 but not both. Clearly, the sign of Ω must be reversed by this shift
operation but remains invariant upon the time-reversal operation, which is denoted as
a parity reversal, a kind of symmetry breaking. Consequently, a space-inversion and
time-reversal invariant free energy term can be constructed as:
Fem = [α(r) ·P]Ω, (7)
where α is a coefficient containing odd power orders of space vector r, determined by
the lattice symmetry. For example, α can be written as ∂J∂x where J is the exchange
interaction between the nearest-neighbor sites and x is the bond length. Eq. 7 is a third
power order function of ferroic order parameters. A minimization of the total energy
(including Fem and polarization energy P
2/2) gives rise to an induced polarization:
P = −α(r)Ω. (8)
It is seen that an E-type antiferromagnetic order with the ↑↑↓↓ type spin alignment fits
to this mechanism, as observed by experiments on e.g. o-HoMnO3 [82] and Ca3CoMnO6
[83] which will be discussed in details later.
As shown in Eq. 8, the direction of P is governed by the lattice-relevant coefficient
α(r) instead of the time-reversal invariant Ω which is dependent of magnetic order. This
implies that the direction of ferroelectric polarization is robust against magnetic field,
which is distinctly different from the case of spiral spin order driven polarization. As a
result, any material with a magnetic order in this category may exhibit ferroelectricity
but the magnetoelectric effect in response to magnetic stimuli would be weak if any. Sure
enough, the magnitude of polarization can still be tuned by magnetic field. For example,
for Ca3CoMnO6, a magnetic field of several Tesla does drive a transition of the original
antiferromagnetic ↑↑↓↓ configuration to a ferrimagnetic ↑↑↑↓, or even to a ferromagnetic
↑↑↑↑, in accompanying with suppressed polarization [84].
2.2.3. Other possibilities
In addition to the two types of magnetoelectric responses dependent of the helicity and
parity of magnetic orders, other possible combinations of magnetic and electric-dipole or-
der parameters in order to pursue the magnetoelectricity can be proposed. Two examples
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are presented here:
Fem = [P · β(r)][M · γ(r)]2, (9)
and
Fem = [∇ ·P][M · γ(r)]2, (10)
where β and γ are the functions of space vector r respectively. Function β must be of the
odd power of r, while no special requirement for function γ is needed. γ can be even a
plain function γ = 1. Some examples fitting the two coupling schemes will be discussed
later.
In fact, not only a coordinate vector can be incorporated into the free energy, a time
arrow (t) may be also included into the energy for a dynamic magnetoelectric process.
For example, a magnetoelectric coupling term yielding a time-dependent ferroelectric
polarization can be written as:
Fem = α
dP
dt
· ∇M, (11)
which is in the second power order, lower than all the aforementioned third power order.
One of the consequences is electromagnon excitation, i.e. AC electric field excited spin
wave. The charge dipole P in synchronization with an AC electric field gives rise to a
nonzero dP/dt, which may couple with a space modulation of magnetic moments, i.e.
spin wave. More detailed analysis of electromagnon in TbMnO3 and other multiferroics
can be found in Sec. 3.7.1.
In short, any combination of P and M may act as a source of magnetoelectric coupling
as long as it is invariant upon a space-reversal plus time-inversion operation. Many more
magnetoelectric phenomena may be expected by properly manipulating the magnetic
and ferroelectric orders in real materials or artificial structures so that the symmetry
consensus can be satisfied.
2.3. A unified model on magnetism-induced polarization
The noncollinear spiral order and collinear ↑↑↓↓ order associated with a helicity and a
parity respectively evidence the great progress in our understanding of multiferroicity.
Nevertheless, experiments did reveal some exceptions in which the observed magneto-
electric phenomena can’t be reasonably explained by the two simple phenomenological
models. According to Eq. 3, a screw-type spiral spin order cannot generate a macroscopic
polarization. However, a magnetic field or substitution induced ferroelectric polarization
was indeed observed in CuFeO2 which does have an in-plane screw type spiral order
[85]. Similar situation occurs in Ba3NiNb2O9 (and a number of isostructures) with an
in-plane triangle 120◦ noncollinear spin order, in which a weak ferroelectric polarization
was measured [86].
To accommodate these exceptions, a more general phenomenological framework was
proposed recently by Xiang et al. so that all these phenomena on magnetism driven
ferroelectricity can be properly interpreted. It seems, these exceptions together with
the conventional facts can be well accommodated [87, 88]. To proceed, one considers
a magnetic ferroelectric whose total polarization is approximately partitioned into two
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parts:
P = Pion(U) + Pe(S,U = 0), (12)
where the first part Pion is from ionic displacements, and the second part Pe is pure
electronic contribution. S=(S1, S2, ... , Sn) denotes the collection of spins. U=(u1, u2,
..., un) denotes the ions’ displacements from the centrosymmetric positions. Without
losing a generality, Pion(U) can be simply obtained by summating all the local dipoles,
following the treatment for traditional displacive-type ferroelectrics:
Pion(U) =
∑
i
uiZi, (13)
where Zi is the Born effective charge. Dealing with term Pe is a bit more complex, and
a generalized form of Pe can be written as:
Pe =
∑
i,αβ
Pi,αβS
α
i S
β
i +
∑
<ij>
PesijSi · Sj +
∑
<ij>
Mij · (Si × Sj), (14)
Here the first term is the single-site component containing the quadratic term of spin
components at the same site; the second is the scalar product between neighboring spin-
pairs, related to the conventional spin exchange; and the last component is the so-called
spin-current term containing the cross product of neighboring spin-pairs, where M is a
3× 3 matrix:
Mij =
 (P yzij )x (P zxij )x (P xyij )x(P yzij )y (P zxij )y (P xyij )y
(P yzij )z (P
zx
ij )z (P
xy
ij )z
 , (15)
These coefficients, e.g. Pi, P
es, and M, must obey the restriction of space-inversion and
time-reversal symmetries as well as the lattice symmetry if applied. The helicity (chi-
rality) and parity related magnetoelectric coupling mechanisms can be self-consistently
covered by this unified model.
To the end of this section, one is convinced with the fact that the Landau phenomeno-
logical theory based on the symmetry consensus constitutes a generalized platform on
which the coupling between magnetism and ferroelectricity can be presented in various
mathematically graceful forms, somehow irrelevant with concrete materials and chemical
structures. Surely, a modern theory on multiferroicity, however, must have its quan-
tum fundamentals, with which the microscopic mechanisms for various magnetoelectric
phenomena can be understood and then manipulated via advanced physical approaches
such as band structure engineering, domain engineering, and microstructural variations.
This mission will be reasonably illustrated in the subsequent two sections on magneto-
electric phenomena and underlying microscopic mechanisms in compounds and artificial
microstructures among others.
3. Magnetoelectric coupling in single phases: from physics to materials
In this section, we are mainly concerned with the quantum-level ingredients of multifer-
roic physics for magnetoelectric coupling in single phase multiferroics. For each case, we
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start from the microscopic origin and materials, followed by a comprehensive discussion
on the observed phenomena and magnetoelectric properties.
In fact, for each phenomenological energy term mentioned in Sec. 2.2., there must be
a set of corresponding microscopic mechanisms. An understanding of these microscopic
mechanisms is also the key progress in the past decade, which can be traced back to the
phenomenological expressions. For example, in Mostovoy’s theory regarding the magnetic
helicity driven polarization (Sec. 2.2.1.), the “absolute” directions of magnetic moments
are needed, implying that the spin-orbit coupling is essential in the corresponding mi-
croscopic mechanism. In contrast, for the parity-related mechanism (Sec. 2.2.2.), only
the inner production between spins is involved while the “absolute” directions of these
two spins do not affect the polarization. In this case, the underlying microscopic mech-
anism seems to be based on normal exchanges instead of the spin-orbit coupling. These
differences should be accounted for in order to categorize the microscopic mechanisms.
3.1. Magnetoelectric coupling I: based on the spin-orbit coupling
3.1.1. Dzyaloshinskii-Moriya interaction
In 1958, Dzyaloshinskii proposed a thermodynamic theory to explain the weak ferromag-
netism observed in Cr2O3 [89]. This was the first time to postulate an asymmetrical ex-
change interaction which was subsequently elaborated as a consequence of the spin-orbit
coupling by Moriya using quantum perturbation theory in 1960 [90, 91], and further re-
interpreted by Shekhtman, Entin-Woodman, and Aharony in 1992 [92]. It is now coined
as the Dzyaloshinskii-Moriya (DM) interaction. The microscopic origin of this exchange
is the relativistic correction to the exchanges in presence of the spin-orbit coupling. The
Dzyaloshinskii-Moriya interaction plays a crucial role not only in the physics of multifer-
roics (not limited to the so-called type-II ones), but also in many sub-fields of magnetism.
For instance, it is believed to be one of the origins for skyrmion quasi-particle generation.
We take perovskite oxides as examples to illustrate how the Dzyaloshinskii-Moriya
interaction allows a coupling between magnetism and ferroelectricity. For a perovskite
ABO3 with ideal cubic structure, the B-O-B bonds are straight, giving a 180
◦ bond
angle, as illustrated in Fig. 6(a). Each of these bonds has a rotation symmetry with
respect to one B-B axis. However, for most cases, the size mismatch between A and B
ions usually makes the oxygen octahedra to tilt and rotate, resulting in the distortion
shown in Fig. 6(b), which can be characterized using the Glazer notation [17, 93, 94].
Therefore, each oxygen ion sandwiched between two neighboring B ions may move away
from the middle point, giving a bent B-O-B bond and breaking the B-B axis rotation
symmetry. This bent B-O-B bond will induce the Dzyaloshinskii-Moriya interaction as
a relativistic correction to the superexchange between magnetic B ions, schematically
shown in Fig. 6(c). The Hamiltonian can be expressed as:
HDM = Dij · (Si × Sj), (16)
where Dij is the coefficient of the Dzyaloshinskii-Moriya interaction between spins Si and
Sj . For a perovskite structure with bent B-O-B bonds, vector Dij must be perpendicular
to the B-O-B plane and determined by the symmetry restrictions. In the first order
approximation, the magnitude of Dij is proportional to the displacement of oxygen ion
(dO) away from the “original” middle point [95]:
Dij = ζeij × do, (17)
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where ζ is a coefficient; eij is the unit vector pointing from site i to site j. The quantum-
level derivation of the Dzyaloshinskii-Moriya interaction can be found in Moriya’s original
paper [91]. In the cubic limit with the highest symmetry, Dij = 0. For a distorted
structure with lower symmetry, the cooperative rotation or tilting of oxygen octahedra
leads to a reversal of the direction of Dij between the nearest-neighbor B-O-B bonds if
all the O-B-O (not B-O-B) bond angles are 180◦ (i.e. rigid octahedra).
A prediction of the noncollinear spin alignment and the easy spin plane due to the
Dzyaloshinskii-Moriya interaction is straightforward from Hamiltonian Eq. 16. Without
losing a generality, we consider a one-dimensional B-O-B-O-B-O spin chain and the
corresponding Hamiltonian reads:
H =
∑
ij
[JijSi · Sj + Dij · (Si × Sj)], (18)
where J is the standard exchange. If Di,i+1 and Jij are respectively identical at each
bond, the ground state must be a spiral spin order. The nearest-neighbor spin angle is
arctan(|D|/J) if J is negative (or pi − arctan(|D|/J) if J is positive).
The inverse effect of the Dzyaloshinskii-Moriya interaction for a spiral spin order is to
generate a uniform bias of D (consequently the corresponding uniform bias of oxygen
shift). The underlying mechanism can be described by Hamiltonian:
H = (ζeij × do) · (Si × Sj) + κ
2
d2o, (19)
where the second term is the elastic energy with κ the stiffness. A minimization of the
total energy results in a displacement do = − ζκeij × (Si × Sj). Since Si × Sj in a spiral
magnet with a fixed helicity uniformly points to one direction, all the induced ionic
biases (displacements) are along the same direction, as sketched in Fig. 6(c), giving a
macroscopic ferroelectric polarization.
This scenario was first proposed by Sergienko and Dagotto in 2006 (the Sergienko-
Dagotto model) to illustrate the origin of ferroelectricity in TbMnO3 [95]. In fact,
TbMnO3 does exhibit a cycloid b − c plane spiral order with the spiral wave vector
along the b-axis below 28 K. The induced polarization ∼ eij × (Si×Sj) aligns along the
c-axis, consistent with the experimental observations. This scenario can also explain the
polarization flip from the b-axis to the a-axis in accordance with the cycloid plane flop
from the b− c plane to the a− b plane, driven by a magnetic field.
Besides the above discussed ionic displacements, the spin-orbit coupling (not necessar-
ily the Dzyaloshinskii-Moriya interaction) may distort the electron cloud surrounding an
ionic core for a noncollinear spin pair, leading to a pure electronic charge dipole. This
issue was discussed by Katsura, Nagaosa, and Balatsky (the so-called KNB theory) using
the quantum perturbation theory to the Hubbard model with spin-orbit coupling. It was
proved that the induced charge dipole is proportional to [96]:
P ∼ eij × (Si × Sj). (20)
which is the main prediction of this KNB theory on multiferroicity. No ionic displacement
contribution is considered here and this theory can be viewed as a counterpart of the
Sergienko-Dagotto model. More details of this theory can be found in the following
interpretations [97, 98].
Although the KNB theory is complicated, the final outcome is elegant, in agreement
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Figure 6. (Colour online) (a-b) Crystal structure of an ABO3 perovskite. Green: A; Cyan: B. (a) an ideal cubic
perovskite. All the nearest-neighbor B-O-B bonds are straight. (b) an orthorhombic perovskite lattice with the
GdFeO3-type distortion. All the nearest-neighbor B-O-B bonds are bent. (c) A breaking of the rotation symmetry
regarding the Mi-Mj axis (M denotes metal ion) due to the bond-bending. The asymmetric Dzyaloshinskii-Moriya
interaction is allowed, with the Dij vector perpendicular to the Mi-Mj axis and oxygen displacement vector, e.g.
pointing in/out the paper plane, as sketched. A noncollinear spin pattern with a fixed helicity will uniformly
modulate the Dij vector to lower the energy, generating aligned ferroelectric dipoles. (d) A schematic of the
exchange striction induced ferroelectric polarization. The ionic displacements caused by the ↑↓ and ↓↓ spin pairs,
are not compensated, giving rise to a net dipole moment. The exchange frustration, namely antiferromagnetic J2,
favors the spin orders as shown in (c) or (d). (e) A metal ion is surrounded in an anion cage,breaking the inversion
symmetry (left), and the metal-ligand hybridization can give rise to the three spin-dependent dipoles for the three
bonds, allowing a net polarization (right).
with the Sergienko-Dagotto prediction based on the Dzyaloshinskii-Moriya interaction. In
this sense, the two theories are syngeneic although the routes are different: the Sergienko-
Dagotto model is based on the ionic shift while the KNB theory is based on the electronic
bias. Both the sources contribute to the total ferroelectric polarization, while they may
add or cancel out depending on whether the two polarizations are parallel or antiparal-
lel. Nevertheless, density functional calculations suggest that the contribution from the
ionic displacements is dominant in TbMnO3 [99–101], as confirmed experimentally [102].
The mechanism based on the Dzyaloshinskii-Moriya interaction also matches the phe-
nomenological consideration based on the helicity argument, and explains reasonably the
magnetism driven ferroelectricity in many multiferroics with spiral type spin order.
3.1.2. Spin-dependent metal-ligand hybridization
Different from the Dzyaloshinskii-Moriya interaction scenario (the Sergienko-Dagotto
model), Arima once proposed an alternative mechanism based on the spin-orbit coupling
[103]. For each transition metal ion, the local polarization can be expressed as:
P =
∑
i
(ei · Si)2ei, (21)
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where the summation is over all the bonds and ei denotes the bond direction, as shown
in Fig. 6(e). A distinct difference here is that only a single magnetic site is considered for
a local electric dipole, while the Dzyaloshinskii-Moriya interaction involves two magnetic
sites. The underlying mechanism is the spin-orbit coupling induced perturbation to the
hybridization between metal’s d orbitals and anion’s p orbitals. This p− d hybridization
may be responsible for the polarization measured in Ba2CoGe2O7 [104], while more
examples to support this mechanism would be appreciated. In fact, a similar p − d
hybridization mechanism was claimed for the measured polarization in CuFeO2, but a
careful analysis of the crystal symmetry rules out this mechanism, since the summation
over all the bonds gives no net polarization due to a cancellation of the dipoles.
It is noted that a generalized quantum microscopic mechanism associated with the
spin-orbit coupling remains yet to access. So far proposed mechanisms are more or less
materials-dependent. For instance, although the unified model given in Sec. 2.3 does give
a phenomenological basis for polarization generation in CuFeO2 [88], the microscopic
mechanism is not yet well understood. Furthermore, magnetoelectric effects based on
the spin-orbit coupling are favored because the spin orientation is flexible to external
magnetic stimuli, making a magneto-control of ferroelectricity and magnetic helicity easy.
However, it is clear that the spin-orbit coupling of 3d orbitals is usually weak and the
as-generated ferroelectric polarizations in this category are small, e.g. ∼ 0.08 µC/cm2
for TbMnO3, a disadvantage of materials in this category.
3.2. Magnetoelectric coupling II: based on spin-lattice coupling
In parallel to the spin-orbit coupling, the spin-lattice coupling among some others is
concerned too. For a transition metal with active 3d electrons, the spin-orbit coupling is
intrinsically weak, and coefficient ζ in Eq. 19 should be a small quantity giving only a
tiny electric dipole for a noncollinear spin order. To overcome this drawback, Sergienko,
S¸en, and Dagotto proposed an alternative microscopic mechanism, namely the sym-
metric exchange striction (Fig. 6(d)) induced ferroelectric polarization by investigating
orthorhombic HoMnO3 [82]. Later, this symmetric exchange striction was applied to ex-
plain the magnetism induced ferroelectricity in Ca3CoMnO6 [83]. This exchange striction
effect is essentially based on the spin-lattice coupling.
3.2.1. One dimensional Ising spin chain
As an example, we discuss Ca3CoMnO6, as shown in Fig. 7(a-c), which consists of quasi-
one-dimensional Co-Mn chains along the c-axis. Below 16.5 K, the spins develop a par-
ticular ↑↑↓↓ order [83]. In consequence, the Co-Mn distance shrinks/elongates for the
neighboring parallel/antiparallel spin pairs (Fig. 7(a)), respectively [105, 106]. Since the
valences of Co2+ and Mn4+ are different, the ionic displacements along the Co-Mn chain
are coherently aligned, inducing a net polarization along the c-axis (Fig. 7(a)), as first
observed in Choi et al.’s experiment [83].
This symmetric exchange striction can be understood in a simplified scenario. The
exchange coefficient J between the nearest-neighbor sites depends on the bond length.
In the first order approximation, the Taylor expansion of J(x) can be written as: J(x) =
J0 +
∂J
∂x |x0δ where x is the bond length, x0 is the original length, J0 is the exchange at
x0, and δ = x− x0. By assuming a periodic (δ, −δ, δ, −δ) type displacement mode, the
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Hamiltonian for a given ↑↑↓↓ spin chain is:
H =
∑
<ij>
[Jij(δij(Si · Sj) + κ
2
(xij − x0)2]
=
∑
n=4i
[4
∂J
∂x
|x0δ + 2κδ2]. (22)
A minimization of the energy leads to the equilibrium displacement δ of − 1κ ∂J∂x |x0 . A
ferroelectric polarization is generated if the charge at site i is not identical to that at site
i+1, just as the case here for Co2+-Mn4+ chain given Co2+ at site i and Mn4+ at site i+1.
This exchange striction mechanism is irrelevant with the weak spin-orbit coupling but
determined by the spatial derivative of the exchange coupling, which can be sufficiently
strong for a 3d electronic system. Indeed, the density functional calculation predicted a
polarization up to 1.77 µC/cm2 along the chain (i.e. the c-axis) [106]. Unfortunately, the
measured value for single crystal Ca3CoMnO6 is only ∼ 0.09 µC/cm2 (Fig. 7(d)). The
order of magnitude difference between theoretical and experimental results may have
something to do with the fragile stability of the ↑↑↓↓ spin order in Ca3CoMnO6, which
is competed from other orders [105, 106]. Interestingly, several subsequent experiments
revealed that the ↑↑↓↓ spin order does become unstable when Co and Mn are ideally
stoichiometric 1 : 1, associated with some structural ordering induced spin disordering.
Instead, a slight nonstoichiometry of species benefits to the stability of this spin order
and thus the enhancement of ferroelectric polarization [107, 108].
3.2.2. Two dimensional E-type antiferromagnets
Orthorhombic HoMnO3 is another good example to illustrate the role of exchange stric-
tion in generating a polarization. HoMnO3 prefers the hexagonal structure (a type-I
multiferroic to be discussed later), but meta-stable orthorhombic structure can be ob-
tained by proper synthesis routes, making it a type-II multiferroic. Below 42 K, the
Mn spins become ordered from a paramagnetic state to a sinusoidal antiferromagnetic
state, similar to the case for isostructural TbMnO3, then to the so-called E-type anti-
ferromagnetic state at 26 K [109]. This E-type antiferromagnetism is constructed by an
alignment of the collinear zigzag chains in the a− b plane, as shown in Fig. 8(a). Along
the pseudo-cubic x and y directions (the diagonal direction in the a − b plane here),
the E-type antiferromagnetic state shows the ↑↑↓↓ order. Nevertheless, the consequence
of the exchange striction here is not simply identical to that in Ca3CoMnO6, since the
Mn cations here are isovalent. The Mn ionic displacements do not directly generate a
polarization. Instead, a collective octahedral rotation associated with the displacements
results in an alternative bending of the Mn-O-Mn bonds. Because the exchange J de-
pends on not only the bond length but also the bond angle, the exchange striction can
modulate the Mn-O-Mn bond angles in coherence with the ↑↑↓↓ order (see Fig. 8(a)).
Such a modulation induces the uniform displacements of oxygen ions, leading to a net
polarization along the a-axis [82].
For orthorhombic HoMnO3, the predicted polarization reaches 1.0 − 6.0 µC/cm2 [82,
110, 111]. Initially, the measured polarization in polycrystalline samples was small, e.g.
< 0.01 µC/cm2 [112], probably due to the sample quality and big coercivity. With the
advance of measurement techniques and improved sample quality, the measured values in
orthorhombic HoMnO3, YMnO3, and analogous systems have been gradually enhanced
to 0.8 µC/cm2 [36, 113–116], as displayed in Fig. 8(b-f), close to the lower end of the
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Figure 7. (Colour online) Structures and multiferroic properties of Ca3CoMnO6. (a) Two Ising chains with
the ↑ − ↑ − ↓ − ↓ order along the c-axis. The ionic alignment takes the Mn-Co-Mn-Co order. The original
ionic positions are shown as dashed circles, while the coherent displacements lead to a polarization P . (b-c) The
projected views of crystal structure. (d) The pyroelectric polarization along the c-axis of Ca3Co1.04Mn0.96O6,
which is suppressed by a magnetic field along the c-axis. Reprinted figure with permission from Y. J. Choi et al.,
Physical Review Letters, 100, p. 047601, 2008 [83] Copyright c©(2008) by the American Physical Society.
predicted values.
The discussions on the two model systems seem to suggest that the exchange striction
mechanism based on the spin-lattice coupling only depends on the scalar production of
spin pair (Si·Sj), leaving the polarization direction to be determined. This is conceptually
different from the mechanisms based on the spin-orbit coupling. Here the direction of
polarization is not related to the magnetic easy axis or easy plane, but determined by
the crystal symmetry, e.g. the Mn-Co chain direction in Ca3CoMnO6 or the octahedral
rotation mode in orthorhombic HoMnO3. This argument obtained further support from
recent studies on double-perovskites R2CoMnO6 and R2NiMnO6 (R = Y , or rare earths),
in which the spins also develop the ↑↑↓↓ order along the c-axis below certain temperature,
similar to Ca3CoMnO6 [117–120]. However, the induced polarization is along the b-axis,
different from the case of Ca3CoMnO6 where the polarization is aligned along the c-axis.
As a result, the magnitude of polarization can be suppressed in accompanying with the
suppression of ↑↑↓↓ order, but its direction is hard to change by magnetic field (e.g. see
Fig. 8(f)), an interesting fact [36, 84].
Finally, one is reminded that the lattice distortion is not mandatory for generating
ferroelectricity, at least from the theoretical point of view, although the title of this
subsection is “spin-lattice coupling”. The distortion of electronic cloud may play a sub-
stitution role too, leading to a considerable electronic polarization. According to Picozzi
et al.’s density functional calculations, a pure electronic contribution in orthorhombic
HoMnO3 can reach up to 60% of the total polarization, even larger than the ionic con-
tribution [110]. Such a big portion of polarization may be an advantage for ferroelectric
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Figure 8. (Colour online) E-type antiferromagnetism and multiferroicity. (a) The ab-plane structure (in the Pbnm
notation) and magnetic (E-type antiferromagnetic) structure of orthorhombic RMnO3. The spins are denoted by
arrows. The particular zigzag spin chains are highlighted by shaded areas. αp and αap denote the Mn-O-Mn
bond angles between the parallel and antiparallel spin pairs respectively, noting that they are different due to the
exchange striction. (a) Reprinted figure with permission from S. Picozzi et al., Physical Review Letters, 99, p.
227201, 2007 [110] Copyright c©(2007) by the American Physical Society. (b) The measured magnetization along
the a-axis of orthorhombic YMnO3 films (measuring field 0.1 T). (c) The measured pyroelectric polarization along
the a-axis direction. Inset: a ferroelectric loop measured at 35 K. (d) The capacitance-temperature cycle measured
along the a-axis direction. (e-f) The pyroelectric polarizations measured upon various electric poling fields (Ep).
Inset: the pyroelectric polarization at 4 K as a function of the poling field. (f) The pyroelectric polarizations under
various magnetic fields. Inset: the pyroelectric polarization at 4 K as a function of magnetic field. (b-f) Reprinted
figure with permission from M. Nakamura et al., Applied Physics Letters, 98, p. 082902, 2011 [115] Copyright
c©(2011) by the American Institute of Society.
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applications in ultra-high frequency region where electronic dynamic response is not an
issue at all. Sure enough, the electronic contribution may be an issue if it cancels out the
ionic contribution.
Given the two frameworks of magnetoelectric coupling highlighted above, it is ready
to discuss a number of multiferroics within the two frameworks, addressing the magneto-
electric phenomena. While the classification of multiferroics by Khomskii is followed, we
pay attention to several representative materials by discussing the structure, magnetic
order, and microscopic mechanisms for magnetoelectric properties in details, leaving brief
introduction to other multiferroics in a major-minor sorting mode in due course.
3.3. Magnetoelectric properties of some selected type-I multiferroics
Again, we stress that BiFeO3 is no doubt so far the most known type-I multiferroic
material. Its prominent ferroelectricity above room temperature allows a manipulation
of ferroelectric domains and electrically controllable magnetism to be possible, as ex-
tensively studied in the thin films and heterostructures. While the progress has been
reviewed in details in literature, we will only give a brief summary in Sec. 4 of this
article.
Besides BiFeO3, there are several sub-families in the type-I multiferroics whose mul-
tiferroic phenomena are abundant deserving sustained attention. Most of them show a
ferroelectric polarization induced by lattice geometry variants. In this sense, their po-
larizations are improper in spite of the irrelevance of spin-ordering. The magnetoelectric
coupling is most likely mediated via the spin-lattice interactions.
3.3.1. Hexagonal RMnO3 & RFeO3
Hexagonal manganite RMnO3 (R=Ho
3+, Y3+ or other smaller rare earth ions) family
is quite different from the perovskite counterpart in several aspects. First, for hexagonal
RMnO3, oxygen ions form the hexahedra (trigonal bipyramids) units instead of the
octahedra in perovskite. The in-plane geometry of Mn sites is a triangle instead of a
(distorted) square. The buckling of layered MnO5 polyhedra drives the displacements of
R3+ ions, and the two-up-one-down profile of the R3+ ionic movements results in a net
polarization along the hexagonal c-axis [121], as sketched in Fig. 9.
Since the ferroelectric polarization originates from a structural geometry variation,
hexagonal RMnO3 family are sometimes also classified as geometric ferroelectrics [40].
Different from the proper ferroelectricity, a geometric ferroelectricity does not rely on the
re-hybridization and covalency between ferroelectric-active ions and anions. Neither R3+
nor Mn3+ is ferroelectric-active. The improper ferroelectric polarization of hexagonal
YMnO3 is about 5−6 µC/cm2 [121], one order of magnitude smaller than that of typical
proper ferroelectrics (e.g. PbTiO3 and BiFeO3). Even though, this ferroelectricity is
much stronger than the magnetism driven ferroelectricity in the perovskite counterparts.
The ferroelectric Curie temperatures are also high, e.g. 570 − 990 K [15]. It is noted
that the space group of crystal structure transits from P63/mmc (high temperature
paraelectric state) to P63cm (low temperature ferroelectric state), via yet the unit cell-
tripling mode (trimerization) occurring at very high temperature into the P63/mcm
group. This trimerization at e.g. ∼ 1350 K for YMnO3 [122], does not immediately
lead to a ferroelectric polarization which otherwise will not appear until a relatively
low temperature, e.g. 880 K for YMnO3 [123]. At this point, the ferroelectric transition
takes place without further reduction in symmetry. This scenario includes more or less
an ingredient of the collective ionic displacement in an extraordinary manner, while
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Figure 9. (Colour online) A schematic of the three distortion modes (Γ−2 , K1, and K3) related to the P63/mmc
- P63cm structural transitions in e.g. hexagonal RMnO3 and RFeO3. Reprinted figure with permission from X. S.
Xu et al., Modern Physics Letters B, 28, p. 1430008, 2014 [125] Copyright c©(2014) by World Scientific Publishing
Company.
an alternative viewpoint claiming the one-step direct paraelectric-ferroelectric transition
from the high-symmetric P63/mmc to a polar P63cm is available also [124].
Besides the ferroelectricity, the magnetism of hexagonal RMnO3 has been investigated
from various aspects too. One source of magnetism is the Mn3+ spins, which form a 120◦
non-collinear patterns in triangular arrangement at low temperature (see Fig. 11), e.g.
75 K for hexagonal HoMnO3 [14]. Another source of magnetism may be related to the
rare earth R3+ 4f spins which usually don’t order until a very low temperature, e.g. 4.6
K for Ho3+ in hexagonal HoMnO3 [14]. Therefore, the magnetism and ferroelectricity
in hexagonal RMnO3 have different origins independent of each other. Nevertheless, a
magnetoelectric response due to the spin-lattice coupling is available, as observed by
the optical second harmonic generation (SHG) data [14, 15]. A preliminary picture was
proposed, where the correlation between the bond angles/bond lengths and the lattice
distortion for ferroelectric polarization, is believed to modulate the inter-pair exchange
coupling [121]. This process is a reverse effect of the spin-lattice coupling driven fer-
roelectricity in orthorhombic HoMnO3 [82, 110]. In fact, a giant magneto-elastic (i.e.
spin-lattice) coupling was observed in hexagonal (Y1−xLux)MnO3, characterized by its
significant structural distortion at the antiferromagnetic transition [126].
The unit cell-tripling mode (trimerization) is a specific structural characteristic of
hexagonal RMnO3 and its particular geometry should be one of the possible reasons
for emergent real-space topological phenomena in these materials. In recent years, the
topology of ferroelectric domains in hexagonal RMnO3 has attracted a lot of research at-
tention, which also extends the scope of multiferroic research. This topic will be discussed
in Sec. 5.3.
Besides hexagonalRMnO3, some hexagonal ferritesRFeO3 as isostructural partners are
multiferroic [125] and share the similar physics. A distinct point is that an orthorhombic
RFeO3 is always more stable than a hexagonal RFeO3, even when R
3+ is small, e.g. Lu3+.
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Hexagonal RFeO3 can be obtained in epitaxial thin films deposited on proper substrates
[127, 128], or synthesized using special chemical methods [125]. The ferroelectricity of
hexagonal RFeO3 emerges above room temperature, with a moderate polarization, e.g.
560 K and ∼ 6.5 µC/cm2 at 300 K for hexagonal LuFeO3 [129], as summarized in
Fig. 10(a-f), noting another experimental finding of the structural transition from the
non-polar (P63/mmc) one to polar (P63cm) one at a higher temperature (1050 K) [127].
For hexagonal YbFeO3, two ferroelectric transitions at 470 K and 225 K were observed,
and the measured polarizations are about ∼ 4 µC/cm2 and ∼ 10 µC/cm2 respectively
[130], as summarized in Fig. 10(g-h).
A recent neutron study revealed an antiferromagnetic ordering above room tempera-
ture (∼ 440 K) in hexagonal LuFeO3 films [127]. Other experiments reported the onset of
magnetic ordering between 115 K< TN < 155 K, depending on substrates [128, 131]. The
noncollinear spin patterns are believed although the reported Ne´el temperatures were
authors-dependent. In parallel, a theoretical study on hexagonal RMnO3 and RFeO3
suggested the intrinsic magnetoelectric effect mediated by the spin-lattice coupling [132].
Due to the in-plane antiferromagnetic superexchange, the 120◦ non-collinear spin con-
figurations are expected and their absolute axes are fixed by the Dzyaloshinskii-Moriya
interaction, as seen in Fig. 11. For some cases, e.g. all the hexagonal RFeO3 members and
some of the RMnO3 series where the antiferromagnetic interlayer superexchange is non-
negligible, a net magnetic moment along the c-axis arisen from a tiny spin canting along
the c-axis, e.g. 0.02 µB/Fe for hexagonal LuFeO3, is obtained, due to the Dzyaloshinskii-
Moriya interaction. This magnetoelectric coupling is a bulk effect [132]. In addition, a
magnetoelectric effect associated with special domain structures in hexagonal RMnO3
may be possible, to be discussed in Sec. 5.3.
3.3.2. A3M2O7
The geometric ferroelectricity is not limited in hexagonal manganites and ferrites, but
also exists in some perovskite-derived systems. In perovskites, the rotation and tilting
of oxide octahedra are ubiquitous, which usually suppress the ferroelectricity [133]. The
rotation is a kind of antiferrodistortion (AFD), which bends the M -O-M bonds and gen-
erates a local charge dipole for each bond. However, the bond-bending and charge-dipole
between the nearest neighbor bonds must be along the opposite directions, leading to
local polarization cancellation, as illustrated in Fig. 12. It implies that a single antifer-
rodistortive mode is nonpolar.
In 2008, Bousquet et al. predicted that a combination of two antiferrodistortive modes
in PbTiO3/SrTiO3 superlattices may allow an improper ferroelectric polarization [134],
and this prediction is a seminal progress, which stimulated Benedek and Fennie to re-
visit this issue by taking Ruddlesden-Popper manganite Ca3Mn2O7 as an object [135]
(see Fig. 12(a) for its structure). Here the two antiferrodistortive modes are respectively
the X+2 rotation (path) and X
−
3 tilting (path), as illustrated in Fig. 12(b-c). The cooper-
ative X+2 +X
−
3 distortion establishes the A21am space group, whose point group is polar.
The Landau energy term accounting this effect can be expressed as: aPQX+2 QX−3 , where
a is the coefficient, P is the polarization along the [010] axis, and QX+2 and QX−3 are the
amplitudes of distortions. The polarization P here is no longer the primary order param-
eter in the Landau energy, in contrast to the cases of proper ferroelectrics. Benedek and
Fennie named this system as a “hybrid improper ferroelectric”, whose critical tempera-
ture is believed to be above room temperature, e.g. 500−600 K in Ca3Mn2O7, estimated
from the magnitudes of X+2 and X
−
3 distortions [136].
Density functional calculations predicted a polarization up to 5 µC/cm2 for Ca3Mn2O7
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Figure 10. (Colour online) Ferroelectric properties for several RFeO3 thin films. (a-f) Hexagonal LuFeO3. (a) A
hysteresis loop measured by piezoresponse force microscopy. Insert: amplitude (upper) and phase (lower) contrasts.
(b-c) A written ferroelectric domain pattern: (b) with a DC bias (V = 20VDC) and (c) without this bias. (a-
c) Reprinted figure with permission from W. B. Wang et al., Physical Review Letters, 110, p. 237601, 2013
[127] Copyright c©(2013) by the American Physical Society. (d) A hysteresis loops measured at 300 K. (e) The
pyroelectric polarization showing the Curie temperature at 563 K. (f) The dielectric permittivity data measured
at different frequencies show the corresponding peaks. (d-f) Reprinted figure with permission from Y. K. Jeong et
al., Chemistry of Materials, 24, pp. 2426-2428, 2012 [129] Copyright c©(2012) by the American Chemical Society.
(g-h) Hexagonal YbFeO3. (g) A hysteresis loop measured at 15 K and 300 K. (h) The pyroelectric polarization
showing a characteristic two-step decay. (g-h) Reprinted figure with permission from Y. K. Jeong et al., Journal
of the American Chemical Society, 134, pp. 1450-1453, 2012 [130] Copyright c©(2012) by the American Chemical
Society.
and 20 µC/cm2 for Ca3Ti2O7 (Ca3Ti2O7 is ferroelectric without magnetism) [135]. For
the former, a net magnetization (∼ 0.045 µB/Mn) from the spin-canting along the [100]
axis due to the Dzyaloshinskii-Moriya interaction was predicted, in spite of the G-type
antiferromagnetic ground state below ∼ 115 K. Experimentally, this net magnetization
seems to be only ∼ 0.001 µB/Mn, which does not depend on the direction of magnetic
field mysteriously. Obviously, the X−3 mode distortion is responsible for this weak ferro-
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Figure 11. (Colour online) Possible 120◦ noncollinear spin configurations in hexagonal RMnO3 and RFeO3. Each
unit cell contains two layers. The spin orientation (angles) and coordinate are defined in (e). The spin configurations
are compatible with the crystal symmetry, including: A1, A2, B1, and B2. Only the A2 and those configurations
containing the A2 component (i.e. A′ and I2) allow a weak ferromagnetism due to the spin-canting, while the spin-
canted moments between the two layers for other cases are cancelled. Reprinted by permission from Macmillian
Publishers Ltd: H. Das et al., Nature Communications, 5, p. 2998, 2014 [132]. Copyright c©(2014).
magnetism [135]. Unfortunately, no sufficient experimental data on these properties are
available at this moment.
It is interesting to note that a single reversal (not combined operation) of either
the QX+2 path or the QX−3 path is sufficient to switch the polarization. However, only
a reversal of the QX−3 path can switch the magnetization, suggesting that the QX−3
path is a key for a magnetoelectric manipulation. For Ca3Mn2O7, an energy land-
scape of the distortions suggests that the polarization switching probably proceeds
along the QX+2 path (Fig. 12(d)), rendering an invariant magnetization. Even though,
a magnetoelectric switch may be possible by applying a strain to the lattice, trigger-
ing the switching along the QX−3 path (Fig. 12(e)). Recently, the geometric ferroelec-
tricity and room temperature polarization switching were experimentally observed in
(Ca,Sr)3Ti2O7, a nonmagnetic isostructure of Ca3Mn2O7 [42]. Comprehensive experi-
ments on (CaySr1−y)1.15Tb1.85Fe2O7, also an isostructure of Ca3Mn2O7, did reveal a
weak magnetization above 300 K and calculated polarization, as summarized in Fig. 12(f-
g) [137]. Nevertheless, those predictions on polarization and magnetoelectric response in
Ca3Mn2O7 are still on the way for experimental checking [138], whose importance cannot
be emphasized too much.
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Figure 12. (Colour online) Multiferroicity of A3M2O7. (a) The crystal structure of A3M2O7 (e.g. A=Ca, Sr etc;
M=Mn, Fe, Ti etc) with the octahedra tilting and rotation. Blue: A, red: oxygen. (b) The X+2 rotation mode. (c)
The X−3 tilt mode. (d-e) The calculated energy landscape (contour map) in the X
+
2 −X−3 parameter space. Four
structural domains (±P , ±M) appear with the (equivalent) lowest energy. The possible paths for polarization
switching (between +P and −P ) across the lowest barriers are marked (the red arcs). (d) A strain-free (bulk)
case: the sign of M is invariant upon the rotation. (e) The biaxial compressive case (film): the sign of M can be
reversible upon the tilting. (a-e) Reprinted figure with permission from N. A. Benedek et al., Physical Review
Letters, 106, p. 107204, 2011 [135] Copyright c©(2011) by the American Physical Society. (f) The phase diagram
of [1−x](Ca0.6Sr0.4)1.15Tb1.85Fe2O7-[x]Ca3Ti2O7 which is multiferroic with a weak magnetization in the middle
composition region. (g) The phase diagram at 300 K as a function of composition. Solid squares: the measured
saturated magnetic moment (per Fe ion); open circles: the calculated polarization. In the middle region, the
material has a non-zero magnetization and a finite polarization. (f-g) From M. J. Pitcher et al., Science, 347, pp.
420-424, 2015 [137]. Reprinted with permission from the American Association for the Advancement of Science.
3.3.3. Fluorides
Transition metal fluorides are second to oxides to accommodate a number of (potentials)
multiferroics reported so far. Scott and Blinc once published a brief review entitled
“Multiferroic magnetoelectric fluorides: why are there so many magnetic ferroelectrics?”,
in which many multiferroic fluorides beyond perovskite structures were introduced [139].
For many non-perovskite non-oxides, the well-known d0 condition for ferroelectricity may
be avoided. Regardless of the huge number of fluorides, only ferroelectric fluoride sub-
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Figure 13. (Colour online) (a) The crystal structure of BaMF4 viewed from the a axis. (b) The corresponding
symmetric prototype structure. (c) The magnetic structure (M=Mn, Fe, Ni). The magnetic moments are oriented
along the b-axis, except the case of M=Co where the moments are along the c-axis. The magnetic ordering is
uniform for all the M species. Reprinted figure with permission from C. Ederer et al., Physical Review B, 74, p.
024102, 2006 [141] Copyright c©(2006) by the American Physical Society.
family BaMF4 (M=Zn, Mg, Mn, Ni, Co, Fe) will be briefly discussed here. Readers may
find many others in Scott and Blinc’s reviews [139, 140].
All the BaMF4 systems are magnetic except when M is Zn or Mg. The common
structure of BMF4 is shown in Fig. 13(a-b), consisting of quasi-layered M -F6 octahedra
separated by Ba layers. The ferroelectricity originates from the collective rotation of M -
F6 octahedra, occurring in very high temperatures (> 1000 K), even higher than their
melting points. The polarizations of BaMF4 are about 6.8− 13.6 µC/cm2, as predicted
by the density functional calculations [141]. However, for most M species except Zn,
no polarization reversal has been observed, partially due to the large leakage and high
coercive field. Alternatively, a pyroelectric measurement may be employed for evaluating
the polarization in the future, as did for many magnetic ferroelectrics.
When M is magnetic, BaMF4 favors the antiferromagnetic order (as sketched in
Fig. 13(c)) at low temperature. The Ne´el temperature (TN’s) for the three-dimensional
antiferromagnetism is 26−29 K when M is Mn, 50 K when M is Ni, about 70 K when M
is Co plus Ni [139]. This order may be replaced by an in-plane two-dimensional magnetic
order at a temperature higher than the Ne´el temperature, e.g. T ∼ 2 − 3TN. Recently,
Zhou et al. found the value of TN for BaMnF4 is 26 K while the two-dimensional anti-
ferromagnetism emerges at 65 K, below which a magnetoelectric response was observed
[142]. Fox and Scott once predicted that the specific crystal structure of BaMnF4 does
allow a linear magnetoelectric coupling. The spontaneous polarization along the a-axis
may induce a net magnetization along the c-axis [143]. However, recent measurements
using different techniques gave divergences. The reported magnetic moment ranges from
0 to 0.01 µB/Mn [142, 144–146], and further experiments in this area are needed to verify
the results.
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3.3.4. Non-d0 perovskites
A violation of the d0 rule for ferroelectricity in perovskite oxides was first predicted for
BaMnO3 and strained CaMnO3 films, thanks to the second-order Jahn-Teller distortion
mechanism [147, 148]. In general, when the O-M -O bond length is too long (M is a
magnetic ion like Mn4+ or Fe3+), the central M ionic position becomes no longer stable
and a spontaneous off-center displacement is preferred, which is evidenced by the imaging
frequencies of phonon spectrum in the density functional calculation (see Fig. 14(a)).
This tendency fits the mainstream argument for ferroelectricity in proper ferroelectric
materials like titanates. To pursue such an unconventional proper ferroelectric source,
two possible routes to reach a long enough O-M -O bond are: 1) using the strain coming
from the substrates in the case of thin films; 2) using negative chemical pressure of big
ion at the A-site. BaMnO3 is certainly the best candidate for trying the second route,
but unfortunately the perovskite structure is unstable. A partial substitution of Ba by
Sr in BaMnO3 benefits to the perovskite stability. Indeed, the Sr1−xBaxMnO3 at x > 0.4
with perovskite structure was reported to be ferroelectric [149, 150], as summarized in
Fig. 14(b-g). The polarization of this set of heavily twinned samples reaches 4.5 µC/cm2,
as shown in Fig. 14(c). Although the magnetism is not responsible for a ferroelectric
polarization here, a variation of the polarization in response to the antiferromagnetic
ordering was observed, and it was argued that the spin-lattice coupling, e.g. a soft-
phonon mode coupled with the magnetic order, drives the magnetoelectric coupling. The
exchange striction associated with the G-type antiferromagnetism suppresses the Mn-O-
Mn bond bending and thus its polarization [147, 149–151], as sketched in Fig. 14(f-g).
The significance of discovering ferroelectricity in Sr1−xBaxMnO3 when x > 0.4 is no
more than a violation of the d0 rule for ferroelectricity in perovskite oxides, which was
not realized until then. Similarly, a giant polarization observed in recently synthesized
super-tetragonal BiFeO3 thin films also has important contribution from displacements
of the non-d0 Fe3+ ions from the central positions of the FeO6 octahedra (to be further
discussed in Sec. 4.1.1.) [152]. In addition, the density functional calculations predicted
a similar polar instability in LaCrO3 exhibits a similar polar instability [153] and also in
SrCrO3 layer of the tensile-strained (SrCrO3)1/(SrTiO3)1 superlattice [154].
3.3.5. Other typical type-I materials
Apart from the above highlighted type-I multiferroics, some additional type-I multifer-
roics are mentioned here, such as Pb(Fe 1
2
Nb 1
2
)O3 [41], BiMnO3 [155], CdCr2S4 [156]
which were discussed in details in literature. Some recently reported materials like 2H-
BaMnO3 [157], vanadium doped La2Ti2O7 [158], and GeV4S8 [159] also deserve concern.
As an extraordinary case, an experiment based on magnetic and electric deflection mea-
surements reported a multiferroicity in a pure metal rhodium cluster (RhN ), a surprising
result [160]. In addition, a recent calculation predicted that the vacancies on the surfaces
of PbTiO3 surfaces are multiferroic, needing an experimental verification [161].
One also notes that the claimed multiferroicity of some materials has been questioned.
LuFe2O4 was reported to be a special ferroelectric with charge-ordering driven electronic
polarization [72]. The conclusion was subsequently commented [162, 163], and no consen-
sus has been reached yet to date. Another case is Pr0.5Ca0.5MnO3, whose multiferroicity
via the so-called site-bond-mixed charge-ordering as a novel origin of ferroelectricity was
predicted long time ago [164, 165]. Although a few studies claimed indirect experimen-
tal evidences, a direct confirmation remains absent. Similar situation exists for charge-
ordered Fe3O4 [166]. It is seen that the multiferroic discipline nowadays seems to be a
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Figure 14. (Colour online) Ferroelectricity and magnetic ionic displacements. (a) The phonon dispersions of G-
type antiferromagnetic cubic BaMnO3. The unstable phonon modes at γ, X, and M are sketched in the cubic units
with Mn at the cubic center. Reprinted figure with permission from J. M. Rondinelli et al., Physical Review B,
79, p. 205119, 2009 [147] Copyright c©(2009) by the American Physical Society. (b) The magnetic phase diagram
of Sr1−xBaxMnO3. G-AFM: G-type antiferromagnetic; FE: ferroelectric; MF: multiferroic. (c) A ferroelectric
hysteresis loop measured at 2 K along the pseudocubic c-axis in a heavily twinned sample. (d-e) The temperature
dependent magnetization under 0.5 T field (d) and lattice tetragonality (c/a) (e). A schematic of the structure
distortions and ionic displacements at 50 K (f) and 225 K (g) respectively. The data in (c-g) are for the x = 0.5
sample. (b-g) Reprinted figure with permission from H. Sakai et al., Physical Review Letters, 107, p. 137601, 2011
[149] Copyright c©(2011) by the American Physical Society.
platform for freedom of speech. Quite a few conclusions already appeared in textbooks
have been questioned and required re-visiting, while more theoretical and experimental
efforts are certainly needed to clarify those extraordinary speculations on origins of ferro-
electricity, such as the correlation between charge-ordering and ferroelectric polarization
among others.
3.4. Magnetoelectric properties of some selected type-II multiferroics
In the past decade, even more exciting in the multiferroic discipline has been the discovery
of a number of type-II multiferroics and relevant findings. The orthorhombic RMnO3
family and Ca3CoMnO6 have been adopted as the model systems to illustrate these
findings on magnetoelectric phenomena. We discuss some other type-II multiferroics in
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this subsection, focusing on the underlying microscopic physics.
3.4.1. RMn2O5
The first family to be addressed here is RMn2O5 (R=rare earth, Y, and Bi), another
family of manganites. These manganites possesses more complex crystal structures than
RMnO3 family. The ferroelectricity was first reported in TbMn2O5 which has a pyro-
electric polarization of about 0.04 µC/cm2 below 40 K [13] (summarized in Fig. 15). The
magnetic phase transitions are also complicated, with one or more (two to five) magnetic
phase transitions depending on R [167–170]. In general, upon temperature deceasing,
RMn2O5 transits first from the paramagnetic state to an incommensurate antiferromag-
netic state (which does not appear in BiMn2O5 [170]), then to a commensurate antifer-
romagnetic state [168]. In the commensurate state, the spins of the zigzag Mn3+-Mn4+
chains favor the ↑↑↓↓-like configuration in the a − b plane (see Fig. 16(a) for example),
although they are not exactly collinear. For some others, e.g. DyMn2O5 and HoMn2O5,
additional magnetic transitions, including a commensurate-to-incommensurate transi-
tion, the Mn spin-reorientation, and the R3+ spin ordering, appear in sequence [168]
(see Fig. 16(b)). These magnetic transitions arise mainly from the competing multi-fold
exchange interactions and lattice distortions, noting that Mn3+, Mn4+, and most R3+,
possess magnetic moments.
The most interesting magnetoelectric property of RMn2O5 is the sensitive responses of
ferroelectric polarization to the magnetic phase transitions. In particular, a pyroelectric
current measurement detected a negative polarization at low temperatures or under a
magnetic field when the poling electric field was positive [13], as shown in Fig. 15(b-c)
and (f-g) for example. According to the studies on BiMn2O5 having the simplest mag-
netic order, the polarization reversal upon a magnetic field is due to the metamagnetic
transition of Mn spins [170], as sketched in Fig. 16(a). The situation is even more compli-
cated in DyMn2O5 which involves the Mn
3+-Mn4+ and Mn3+/Mn4+-Dy3+ interactions
as well as the ferrielectric nature [171]. All these characters imply more than one source of
polarization, which compete with each other and render the observed positive-negative
polarization switching. In spite of these observations, the underlying magnetoelectric
physics of RMn2O5 has not yet been well understood due to the complex crystal and
magnetic structures. In general, the exchange striction between Mn3+ and Mn4+ is be-
lieved to contribute dominantly to the ferroelectric polarization [170], while the exchange
striction between R3+-Mn3+/Mn4+ plays as the competitor [171]. A proposal of the fer-
rielectric scenario and corresponding sublattices are sketched in Fig. 16(c-d). For more
details of the ferrielectric behavior in RMn2O5 (e.g. DyMn2O5), readers can refer to a
recent mini-review [173].
It should be mentioned that RMn2O5 usually offers a giant tunability of ferroelectric
polarization, and one example is GdMn2O5 where a tunability up to 0.5 µC/cm
2 was
observed [174]. The possible involved mechanism is sketched in Fig. 16(e-f). Moreover, an
alternative evidence on ferroelectricity of RMn2O5 was recently identified by X-ray and
optical second harmonic generation techniques, claiming that a “proper” ferroelectricity
is already available at room temperature [175], and the magnetism-induced polarization is
merely an additional improper component to the proper ferroelectricity. The fascination
of multiferroicity and relevant issues in RMn2O5 family has been thus identified once
more and it certainly deserves more theoretical and experimental works in the future.
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Figure 15. (Colour online) Multiferroic behaviors of TbMn2O5. (a-d) The temperature and magnetic field (along
the a-axis) dependences of dielectric and ferroelectric properties: (a) the dielectric constant along the b-axis
measured in the warming run under various magnetic fields; (b) the ferroelectric polarizations along the b-axis
measured under various magnetic fields (zero magnetic field cooling), inset: the total polarization is treated as a
sum of a positive component (P1) and a negative one (P2); (c) the total polarization at zero magnetic field after
the magnetic field cooling; (d) the total polarization measured under zero magnetic field after various cooling
sequences, as indicated near the curves. Magnetic field imposes a permanent imprint in the polarization response,
implying a magnetoelectric memory effect. (e-g) The polarization reversal triggered by a cycling magnetic field:
(e) the dielectric constant as a function of magnetic field at 3 K and 28 K; (f) the total polarization as a function
of magnetic field at 3 K and 28 K, calculated from the magnetoelectric current measured after the zero magnetic
field cooling, insert cartoon: the polarization flip; (g) the polarization flip sequence at 3 K triggered by linearly
varying magnetic field cycles from 0 to 2 T, clearly displaying the highly reproducible polarization switching by
magnetic field. Reprinted by permission from Macmillian Publishers Ltd: N. Hur et al., Nature, 429, pp. 392-395,
2004 [13]. Copyright c©(2004).
3.4.2. Orthoferrites & orthochromites
Besides orthorhombic and hexagonal manganites, orthorhombic RFeO3 (orthoferrites)
and RCrO3 (orthochromites) are two additional families deserving exploration for
promising multiferroicity. Some orthoferrites are indeed multiferroics. Tokunaga et al.
once reported gigantic magnetoelectric phenomena in DyFeO3 below the antiferromag-
netic ordering temperature of Dy3+ moments (3.5 K) [176]. A magnetic field along the
c-axis can induce not only a weak ferromagnetic moment (≥ 0.5 µB/formula unit), but
also a ferroelectric polarization (≥ 0.2 µC/cm2), both of which are along the c-axis [176].
Later on, the same group observed a spontaneous polarization up to 0.12 µC/cm2 in
GdFeO3 below the antiferromagnetic ordering temperature of Gd
3+ (2.5 K), without an
assistance of magnetic field [177]. The Fe3+ moments form a G-type antiferromagnetic
order with a tiny spin canting, which can be notated as the GxAyFz type (in Bertaut’s
notation). In other words, a net magnetization along the c-axis due to the Fz component
appears. The moments of Gd3+ form the GxAy-type antiferromagnetic order. As sketched
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Figure 16. (Colour online) The lattice and magnetic structures, and magnetoelectric response of RMn2O5. (a) A
schematic of RMn2O5 structure (here R=Bi) and an evolution of the spin configuration upon increasing magnetic
field. The polarization flips in accompanying with the rotation of magnetic moments. (a) Reprinted figure with
permission from J. W. Kim et al., Proceedings of the National Academy of Sciences of the United States of America,
106, pp. 15573-15576, 2009 [170] Copyright c©(2009) by the National Academy of Sciences. (b) A schematic of
the phase evolution of DyMn2O5 characterized by heat capacity as a function of T , suggesting the existence of
several multiferroic states. (c) The two ferroelectric polarization components (PDM and PMM) as evaluated from
a ferrielectric model for DyMn2O5. The exchange striction between the Mn-Mn spin pairs gives rise to the PMM,
while the exchange striction between the Dy-Mn spin pairs contributes to the PDM. The two roughly antiparallel
components develop at different temperatures, leading to the unusual behavior of the pyroelectric polarization
P (from positive to negative with increasing T ). (d) A schematic of the ferrielectric lattice, and corresponding
PMM lattice and PDM lattice. (b-d) Reprinted by permission from Macmillian Publishers Ltd: Z. Y. Zhao et al.,
Scientific Reports, 4, p. 3984, 2014 [171]. Copyright c©(2014). (e) A schematic of magnetic structure of GdMn2O5
and the magnetostriction behavior at 5 K. The strictions between the Gd-Mn and Mn-Mn pairs are shown by
solid (attractive) and dotted (repulsive) lines, respectively. Pb and P denote the polarizations of the Gd and Mn
magnetic sublattices, respectively. (f) Polarization Pb can be reversed by a magnetic field along the a-axis. (e-f)
Reprinted figure with permission from N. Lee et al., Physical Review Letters, 110, p. 137203, 2013 [172] Copyright
c©(2013) by the American Physical Society.
in Fig. 17(a-b), the Ay component synchronization for both Gd
3+ and Fe3+ allows a ↑↑↓↓-
like pattern along the c-axis, while the Gx component synchronization results in a polar
axis in the orthorhombic unit cell, noting that the exchange strictions in the cubic unit
cell are fully cancelled. A magnetic field above 0.5 T along the a-axis can re-orientate
the Fe3+/Gd3+ spins to the FxCyGz/Gz patterns respectively, which leads to a sudden
38
January 19, 2016 1:34 Advances in Physics arXiv2
drop of polarization, as shown in Fig. 17(d-e) and (h). Further increasing magnetic field
can fully suppress the polarization since the Gd3+ moments are fully ferromagnetically
aligned. If a magnetic field is applied along the c-axis (see Fig. 17(c), (f), and (i)), the
ferroelectric polarization will decay monotonously in association with a gradual variation
of magnetic structure of the Gd3+ sublattice to the Fz. Another bright spot is that not
only a magnetic-field-control of polarization but also an electric-field-control of magnetic
moment were realized in RFeO3 (R=Dy0.7Tb0.3 or Dy0.75Gd0.25) [178], as summarized in
Fig. 18. The electro-control of magnetism is, in fact, becoming a highly concerned issue
not only in multiferroics but also more as an emergent hot topic for next generation of
spintronic devices.
It should be noted that the observed magnetoelectric effects in orthoferrites are in-
trinsically correlated with the ordering of rare-earth 4f spins. A disadvantage for this
characteristic is the extremely low temperature at which this ordering occurs. One ex-
ception is SmFeO3, and Lee et al. reported a very high ferroelectric Curie temperature
up to 670 K, attributed to the canting of Fe3+ spins [172]. Similar high temperature
multiferroicity has also been reported in LuFeO3, in which Lu
3+ is nonmagnetic [179].
However, such a Fe3+-induced ferroelectricity has been in question [180, 181]. A recent
neutron diffraction study has also provided a set of negative evidences against the high
temperature ferroelectricity in SmFeO3 [182].
Some orthochromites were also reported to be multiferroics. For instance, Rajeswaran
et al. reported a switchable polarization (up to 0.2−0.8 µC/cm2) and a weak magnetiza-
tion below the Ne´el temperature of Cr (∼ 130−200 K) in polycrystalline RCrO3 samples,
where the rare-earth ion is magnetic [183]. Several possible mechanisms were proposed,
including the exchange striction between R3+ and Cr3+, similar to the case in GdFeO3.
Nevertheless, sufficient evidence with the ferroelectricity in these orthochromites is still
needed and the difficulty originates from the large leakage due to the narrow band-gap
of these materials. Readers can refer to a brief review by Meher et al. for more details of
multiferroic chromites and cobaltites [184].
3.4.3. Quadruple perovskites
As well known, Mn-based oxides host a considerable portion of the type-II multiferroics.
However, most of them have a ferroelectric Curie temperature below 40 K. In 2009, Dong
et al. predicted a spin-orthogonal stripe (SOS) phase in quarter (1/4) hole-doped per-
ovskite manganites, which should be multiferroic due to the existence of a noncollinear
spin order area (on the stripe-walls) and a collinear ↑↑↓↓-like order area (inside the
stripes) [185]. The estimated characteristic temperatures for magnetic ordering and fer-
roelectricity may reach ∼ 100 K, about 3− 4 times of those of RMnO3. The underlying
mechanism to stabilize the noncollinear spin structure is not the traditional exchange
frustration involving the next-nearest neighbor exchanges, as the case of TbMnO3 [186].
Instead, the electronic self-organization is responsible for such spin-orthogonal stripes. A
further study extended this spin-orthogonal stripe state to other doping concentrations,
e.g. 1/2, 1/3, 1/5, 1/6, ..., 1/∞ [187].
The prerequisites for a possible SOS state are very rigor: 1) small lattice constants; 2)
exact quarter (1/4) doping level; 3) zero or weak Jahn-Teller distortion; 4) sufficient band-
gap (insulating); 5) zero or weak structure disorder. It is almost impossible to fulfill all
these conditions in a conventional manganite. However, there exist a set of specific man-
ganites, quadruple perovskite CaMn7O12, which can be also written as (CaMn3)Mn4O12.
The three Mn3+ ions together with one Ca2+ ion occupy the A-site in a fully ordered
manner as shown in Fig. 19(a-b). The average valence of the rest four Mn ions is +3.75,
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Figure 17. (Colour online) The lattice and magnetic structures of GdFeO3. (a-b) A sketch of the exchange
strictions in orthorhombic RFeO3 with the A-type (a) and G-type (b) antiferromagnetism. The solid (dotted) lines
label the attractive (repulsive) forces. The spin orientations are distinguished by the solid/open circles and +/−
symbols. (c-f) The magnetic structures and charge dipoles of four states. The most strongly coupled Fe-Gd pairs
are grouped by ellipsoids. The open circles represent the original positions without displacements. Here symbols
G, A, C, and F denote the corresponding antiferromagnetic and ferromagnetic components, respectively. (g) The
measured pyroelectric polarizations along the c-axis under various magnetic fields applied along the a-axis. Inset:
a standard ferroelectric hysteresis loop measured at 2 K. (h-i) The magnetic field dependences of magnetization
(green) and polarization along the c-axis at 2 K, when magnetic field is along the a-axis (h) and c-axis (i). The
phase regions I-IV are partitioned according to the magnetoelectric behaviors. Reprinted by permission from
Macmillian Publishers Ltd: Y. Tokunaga, et al., Nature Materials, 8, pp. 558-562, 2009 [177]. Copyright c©(2009).
exactly at the quarter doping. The lattice constants are extremely small comparing with
conventional ABO3 manganites, while a quite weak Jahn-Teller distortion (the Q2 mode)
was reported. Surprisingly, all prerequisites seem to be satisfied!
Subsequently, Zhang et al. synthesized CaMn7O12 polycrystalline samples and found
a magnetism-related ferroelectric polarization below 90 K [188]. There exist two mag-
netic transitions at 90 K and 48 K respectively. Another experiment by Johnson et al.
confirmed the magnetic ferroelectricity emerging at 90 K (Fig. 19(f)) using single crystal
samples and resolved the magnetic structure between 48 K and 90 K [189], as sketched
in Fig. 19(c-d). The pyroelectric polarization reaches 0.287 µC/cm2, even larger than
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Figure 18. (Colour online) A summary of results on the electric field control of canted magnetic moments in
RFeO3 (R=Dy0.75Gd0.25 and Dy0.7Tb0.3). (a) Upper: a magnetoelectric phase diagram of RFeO3. The blue
and red regions mark the antiferroelectric-antiferromagnetic (AFE-AFM) and ferroelectric-ferromagnetic (FE-
FM) states, respectively. The paraelectric-ferromagnetic phases are marked by the orange and light-green colors,
in which the net magnetic moments are along the c-axis and a-axis, respectively. Lower: a schematic of the
magnetic configuration and R-ion displacements. Left: AFE-AFM; Right: FE-FM. Brown: Fe; Green: R. Dotted
open circles: original positions without displacements. (b-c) The quasi-static ferroelectric and magnetoelectric
hysteresis loops for Dy0.7Tb0.3FeO3 measured at 2.5 K and 1.8 K, respectively. Reprinted by permission from
Macmillian Publishers Ltd: Y. Tokunaga, et al., Nature Physics, 8, pp. 838-844, 2012 [178]. Copyright c©(2012).
that of DyMnO3 [35]. Johnson et al. argued a new physical mechanism for the ferro-
electricity in CaMn7O12, in which the polarization couples to the ferroaxial component
of the crystal structure [189] (see Fig. 19(e)). This ferroaxial mechanism, expressed as
P ∼ σA where σ is a measure of the macroscopic chirality of spin order and A is the
macroscopic axial vector of the crystal structure, was first proposed to understand the
magnetism-induced ferroelectricity in Cu3Nb2O8 [190] and MnSb2O6 [191]. More details
regarding this ferroaxial concept can be found in a paper by Johnson and Radaelli [54].
Alternatively, based on the first-principles calculations, Lu et al. proposed that a com-
bination of both the Dzyaloshinskii-Moriya interaction and the exchange striction is re-
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Figure 19. (Colour online) The lattice and magnetic structures of CaMn7O12. (a) A cubic structure (Im3¯) above
440 K. The A(A’)-site Ca2+/Mn3+ cations are ideally ordered. Due to the small sizes of Ca2+/Mn3+, the lattice
is significantly shrunk with respect to a normal perovskite manganite. (b) The low temperature rhombohedral
structure (R3¯). The B-sites are occupied with Mn3.25+ cations at high temperature but replaced by the 3 Mn3+ +
Mn4+ charge-ordered network below 250 K. (c-d) The noncollinear magnetic structure between 48 K and 90 K in
the rhombohedral (c) ab and (d) ac planes. (e) A proposed ferroaxial vector model. (f) The measured pyroelectric
polarizations along various axes. Insert: a tiny anomaly at 48 K. (g) The measured pyroelectric polarizations of
a polycrystalline sample under different magnetic fields. Insert: the magnetoelectric response at low temperature.
(a) and (g) Reprinted figure with permission from G. Q. Zhang et al., Physical Review B, 84, p. 174413, 2011 [188]
Copyright c©(2011) by the American Physical Society. (b-f) Reprinted figure with permission from R. D. Johnson
et al., Physical Review Letters, 108, p. 067201, 2012 [189] Copyright c©(2012) by the American Physical Society.
sponsible to the giant improper ferroelectricity and its strong magnetoelectric response
(e.g. see Fig. 19(g)) [192]. Very exceptionally, it is believed that the magnitude of polar-
ization is determined mainly by the exchange striction but the orientation of polarization
is controlled by the Dzyaloshinskii-Moriya interaction, explaining reasonably an unusual
fact for this material that the polarization is large and the magnetoelectric response is
strong. In addition, the particular orbital modulation was found to entangle with the
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magnetic helicity, which plays an important role in coupling the magnetism with ferro-
electricity in CaMn7O12 [193, 194].
CaMn7O12 is the first multiferroic member of the quadruple perovskite family but
definitely not the last one. A recent calculation predicted its sister system SrMn7O12
to be multiferroic [195]. Following experiment observed the pyroelectricity, but it was
doubted due to the extrinsic contribution from high leakage [196]. For both CaMn7O12
and SrMn7O12, the too small band gaps challenge the experimental verifications in rel-
ative high temperatures. Another example is LaMn3Cr4O12, as reported by Wang et
al. [197]. Two unexpected ferroelectric transitions were surprisingly identified in this
cubic structure which should otherwise be non-ferroelectric. The two transitions cor-
respond to the B-site and A-site G-type antiferromagnetic orderings respectively. The
symmetry analysis and density functional calculations suggested that the spin-orbit cou-
pling together with the dual G-type antiferromagnetism can drive a weak polarization.
Nevertheless, more investigations are definitely needed to understand the claimed ferro-
electricity. It is also noted that the quadruple perovskite family has a huge number of
members [198], probably promising much beyond expectations.
3.4.4. Cu-based oxides
Cuprates are well known as high-TC superconductors and strongly correlated electronic
systems [6]. Although most multiferroics are also strongly electron-correlated, not many
multiferroic cuprates have been found. Several exceptions include the quantum magnets
LiCu2O2 and LiCuVO4 reported ten years ago [199, 200]. Since the Cu
2+ spin moments
are small, quantum fluctuations become inevitable and thus a multiferroicity if any may
not appear until very low temperature, as shown in these cuprates. In spite of the con-
ceptual difference between superconductivity and multiferroicity, search for high-TC su-
perconductors may help the multiferroic community to find additional multiferroics with
better performance such as high ferroelectric Curie temperature TC.
In 2008, Kimura et al. reported the observations on CuO [203], noting that CuO has
very strong exchanges, according to earlier works (see Fig. 20(a) for example). CuO
has two antiferromagnetic transitions at 213 K and 230 K respectively, as sketched in
Fig. 20(b-c). It is paramagnetic above 230 K and and then replaced by a collinear-
antiferromagnetic order below 213 K. Inside the narrow window between 213 K and
230 K is a noncollinear spiral spin order. Similar to other spiral magnets, CuO is a
ferroelectric within this window with a weak polarization (∼ 0.016 µC/cm2), as evidenced
by the dielectric and pyroelectric measurements (Fig. 20(d-e)). The unusual feature here
is the unexceptionally high temperature TC for multiferroicity. The subsequent density
functional calculations confirmed that such a high TC does originate from the strong
exchanges [204, 205].
3.4.5. Complex hexaferrites
Empirically, the exchanges between Fe ions are usually strong and some high-temperature
magnetic ferroelectrics from Fe-based oxides are expected. There have been some re-
ported multiferroic hexaferrites, noting that hexaferrites are also a big family and many
of them have been widely used in magneto-electronic industry [206]. In 2005, it was again
Kimura et al. who reported the magneto-control of ferroelectric polarization in a Y-type
hexaferrite Ba0.5Sr1.5Zn2Fe12O22 [207]. This material is a non-ferroelectric helimagnetic
insulator in the zero-field ground state. A low magnetic field is sufficient to drive succes-
sive metamagnetic transitions. A concomitant ferroelectric polarization appears in some
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Figure 20. (Colour online) Multiferroicity of CuO. (a) A magnetic phase diagram for a series of low-dimensional
cuprates, where J is the superexchange and f the Cu-O-Cu bond angle. CuO among various cuprates has a
moderate J . The original J − f plot for cuprates was presented in Refs. [201, 202]. LiCu2O2 and LiCuVO4
are multiferroics with a spiral magnetic order. The numbers in the parentheses denote the magnetic ordering
temperatures. Inset: a schematic of CuO crystal structure. (b) A sketch of the magnetic structures of CuO:
commensurate collinear (AF1) and incommensurate spiral (AF2) phases. (c) The magnetic susceptibility as a
function of temperature measured along the reciprocal lattice axes. (d) The dielectric constant measured along
the b∗-axis at various frequencies. Inset: a magnified view at frequency of 100 kHz around TN1. (e) The ferroelectric
polarization along the b∗-axis as a function of temperature respectively under a positive (black) electric poling and
a negative (grey) electric poling with the given electric fields. The poling started above TN2 till the sample cooling
down to the lower boundary of the AF2 phase (220 K). Reprinted by permission from Macmillian Publishers Ltd:
T. Kimura, et al., Nature Materials, 7, pp. 291-294, 2008 [203]. Copyright c©(2008).
of the magnetic-field induced phases with a long-wavelength magnetic structure. The
polarization can be rotated in 360◦ by external magnetic field. This functionality opens
up potential applications for not only room temperature magnetoelectric devices but also
devices based on magnetically controlled electro-optical response.
In 2008, Ishiwata et al. reported their observations on a low magnetic-field control of
polarization vector in a Y-type hexaferrite Ba2Mg2Fe12O22 (Fig. 21(a)) [81]. As shown in
Fig. 21(b-c), its spin structure is helimagnetic with the propagation vector k0 parallel to
the [001] axis. The magnetic field induced transverse conical spin structure (Fig. 21(d))
44
January 19, 2016 1:34 Advances in Physics arXiv2
Figure 21. (Colour online) Multiferroicity of Y-type hexaferrite Ba2Mg2Fe12O22. (a) A schematic of crystal
structure. The magnetic structure consists of alternating stacks of L blocks (brown, large magnetic moment)
and S blocks (green, small magnetic moment). (b-d) Illustrations of the helicoidal spin structures: (b) a proper
screw structure between 50 and 195 K; (c) a longitudinal conical structure below 50 K; (d) a slanted conical
structure below 195 K under a small magnetic field (∼ 30 mT). (e) The magnetoelectric phase diagram. (f-g) The
measured magnetization (f) and polarization (g) as a function of magnetic field at 5 K respectively. (Inset) A
temperature-dependent magnetization measured in a zero-field heating run after a 5 T field cooling. A plausible
spin configuration for each phase is shown with the phase boundaries in (f) and (g) marked the dashed lines. In
(e-g), magnetic field is applied along the [001] axis. (h) A schematic of the evolutions of the spin cone and helicity
with an oscillating magnetic field. From S. Ishiwata et al., Science, 319, pp. 1643-1646, 2008 [81]. Reprinted with
permission from the American Association for the Advancement of Science.
carries the P vector directing perpendicular to the field and k0, in accordance with the
prediction of the KNB (Katsura-Nagaosa-Balatsky) spin current model. The magnetic
phase diagram and associated magnetization/polarization are presented in Fig. 21(e-f).
An oscillating or multidirectionally rotating magnetic field produces a cyclic displacement
current via a flexible handling of the magnetic cone axis, as sketched in Fig. 21(h). Later
on, the magnetic field induced transverse conical spin order was confirmed in neutron
scattering studies [208, 209].
The advantage of multiferroicity of Ba2Mg2Fe12O22 is twofold. First, the magneto-
electric response is very sensitive. Different from the most type-II multiferroics which
usually need a magnetic field up to several Tesla in order to reverse/rotate/suppress the
ferroelectric polarization, the polarization of Ba2Mg2Fe12O22 exhibits sufficient response
to a magnetic field as low as 0.03 Tesla. Second, the ferroelectric Curie temperature is
relatively high. It is noted that the proper screw spin structure can survive until 195 K
although it is non-ferroelectric. Probably, a non-ferroelectric screw order has a compara-
ble energy as that of a ferroelectric conical order so that a low magnetic field is sufficient
to favor one than the other, making the magneto-control of ferroelectric polarization a
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practically feasible event.
Furthermore, Chun et al. found that the critical magnetic field for switching a polariza-
tion can be significantly reduced from 1.0 T down to 1.0 mT in a properly Al-substituted
system, as shown in Ba0.5Sr1.5Zn2(Fe1−xAlx)12O22 [210, 211]. A giant magnetoelectric
susceptibility was observed in the sample with x = 0.08. In this case, the more surprising
is a magnetization reversal driven by an electric field without assistance of magnetic field,
at a temperature up to 150 K [212].
The above discussion on Ba-based hexaferrites is not an exceptional case and other
types of hexaferrites may share the same physical picture. Kitagawa et al. once reported
the low-field magnetoelectric effect in Z-type hexaferrite Sr3Co2Fe24O41 at room temper-
ature [213]. The magnetic transition temperatures are as high as 510 K and 670 K. At
room temperature, this Sr-based hexaferrites shows a large magnetic moment of 6 − 8
µB per formula unit. A small magnetic field like 0.2 Tesla can induce a polarization
up to 0.002 µC/cm2 at room temperature. For more information about the progress on
multiferroic hexaferrites, readers can refer to a recent review by Kimura [50].
3.4.6. Organic molecules & polymers
So far all of the multiferroics we have discussed are inorganic matters, but some or-
ganic compounds, in spite of not many, were reported to be multiferroic. The organic
charge-transfer salt TTF-BA (tetrathiafulvalene-p-bromanil) was investigated in 2010 by
Kagawa et al. who identified a set of magnetic ferroelectric behaviors in such a distinct
structure [214]. As schematically shown in Fig. 22(a-b), TTF-BA contains the ionic TTF
donor (D+) and BA acceptor (A−) molecules, forming the D+A−D+A− mixed stacks
along the a- and b-axes, respectively. The dimerization occurs in both the stacks below
53 K. The TTF and BA molecules in TTF–BA are almost ionic in the whole temperature
region (the ionicity is as high as 0.95). In this sense, the D+A− stack can be regarded as
a one-dimensional Heisenberg chain with spin −1/2, similar to inorganic Ca3CoMnO6.
Due to the spin-Peierls transition, i.e. the dimerization between D+A−, ferroelectricity
emerges below 53 K. The anomalies of spin susceptibility and infrared reflectivity coincide
with the sharp peak of dielectric constant and emergency of spontaneous polarization
along the b-axis, as presented in Fig. 22(c-f).
Besides TTF-BA, there are a variety of organic multiferroics (molecules & polymers)
verified or predicted [215–218], but further experimental studies on those predicted ma-
terials are needed.
3.4.7. Other typical type-II multiferroics
In addition to the typical type-II multiferroics which are categorized into differ-
ent subgroups (sub-families), there are indeed more which have been experimen-
tally/theoretically investigated. A short list of them are MnWO4 [219, 220], CoCr2O4
[80], CuFeO2 [85], Ni3V2O8 [221], Cu3Nb2O8 [190], R2CoMnO6 [117, 118], R2NiMnO6
[119, 222], Ba2CoGe2O7 [104, 223, 224], Ba3NiNb2O9 [86], RbFe(MoO4)2 [225, 226],
DyVO3 [227], CdV2O4 [228], Ni3TeO6 [229, 230], and so on. More candidates were
predicted by the density functional calculations, e.g. RNiO3 [231]. Some sulfides
and selenides as type-II multiferroics, e.g. FeCr2S4 [232, 233], CoCr2S4 [234], and
Cu2MnSnS4/Cu2MnSnSe4 (only predicted but not yet experimentally confirmed), were
once discussed too [235]. These materials usually show complicated magnetic structures
but the multiferroic mechanisms are not very different from the established frameworks.
One should be reminded that a pursuit of more multiferroic compounds with desirable
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Figure 22. (Colour online) Ferroelectric spin-Peierls transition in TTF-BA. (a) A schematic of ionic donor (D+)
and acceptor (A−) in the high- and low-temperature phases of TTF-BA. The spins are denoted by arrows.
The ellipsoids with underlines represent the dimers. (b) The crystal structure of TTF-BA. (c-f) The measured
temperature dependences of relevant physical properties: (c) the spin susceptibility; (d) the normalized spectral
weight of the infrared ag mode as a fingerprint of local D+A− dimerization, insert: temperature dependence of
the ag mode; (e) the dielectric constant; (f) the ferroelectric polarization along the b axis. Reprinted by permission
from Macmillian Publishers Ltd: F. Kagawa, et al., Nature Physics, 6, pp. 169-172, 2010 [214]. Copyright c©(2010).
performance will continue in the future. In fact, the performances of so far available single
phase multiferroic materials are still unsatisfied for practical applications, although one
or two are indeed superior in terms of one or more sides of the multiferroic functionality
polyhedron. Opportunities are ubiquitous but unforseen to some extent. In the next
subsection we discuss an additional aspect of the relevant progress before we visit other
issues.
3.5. Magnetoelectric coupling III: multiple contributions
As a general framework of magnetoelectricity, the spin-orbit coupling and spin-lattice
coupling are the two major ingredients with different characteristics, as described one
by one in previous subsections. Our conventional understanding is that neither the spin-
orbit coupling nor the spin-lattice coupling alone can give fully ideal magnetoelectricity.
If they can be incorporated into one material, a large polarization from the spin-lattice
coupling may become magnetically sensitive due to the spin-orbit coupling. Namely, a
hybrid mechanism combining the advantages from the spin-orbit coupling and spin-lattice
coupling would benefit to the enhancement of magnetoelectric performance. In fact, such
a hybrid mechanism widely exists in many multiferroics.
We may take the perovskite RMnO3 family as a model. In the previous subsections,
TbMnO3 and DyMnO3 are classified into the zoo of spin-orbit coupling, while o-HoMnO3
and o-YMnO3 belong to the zoo of spin-lattice coupling. However, later experimental and
theoretical investigations suggested that such a classification is not a rigorous treatment
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and these materials in fact accommodate multiple contributions to the magnetoelectric-
ity, i.e. a hybrid mechanism is responsible for the magnetoelectricity. For example, for
those manganites with spiral spin orders, which were treated as the prototypes driven by
the spin-orbit coupling, the exchange striction may also make non-negligible contribution.
Therefore, these materials are also the representatives for illustrating this hybrid mecha-
nism. For more details, we revisit DyMnO3 even though it as a prototype for evidencing
the spin-orbit coupling induced ferroelectricity has been briefly reviewed before.
DyMnO3 is very similar to TbMnO3, with a spiral spin order of Mn lying in the b− c
plane below 18 K. In spite of the low critical temperature, the polarization of DyMnO3
is larger than that of other multiferroics with the spiral magnetism, reaching 0.2 µC/cm2
[35]. Another strange character of DyMnO3 is the sudden drop of polarization below
∼ 8 K (see Fig. 23(a-d) for details). Subsequent experimental measurements revealed
that the Dy3+ moments modulate synchronously with the Mn3+ moments above 7 − 8
K, below which the independent Dy3+ moment ordering appears [236, 237], as sketched
in Fig. 23(c-f). The strong exchange striction between Dy3+ and Mn3+ spins, i.e. the
strong Dy3+-Mn3+ coupling, contributes a considerable portion to the total polarization
along the c-axis within the window from 18 K to 8 K, as sketched in Fig. 23(g) [238].
The sudden drop of polarization below 8 K is resulted from the decoupled Dy3+-Mn3+
moment synchronous modulation, which disables the exchange striction mechanism for
polarization. A suppression of the independent Dy3+ spin ordering at low temperature
by a magnetic field or other stimuli can restore the dropped polarization so long as the
Dy3+-Mn3+ moment synchronous modulation can be restored [239].
Such the R3+-Mn3+ coupling is also strong in orthorhombic HoMnO3, a similar hybrid
mechanism would make sense. However, for some cases the E-type antiferromagnetism
is not sufficiently stable so as to be replaced by an incommensurate sinusoidal antifer-
romagnetism persisting down to low temperature [241]. The underlying reason for this
unusual behavior, in comparison with DyMnO3, remains unclear. One possibility is the
sensitive dependence of the magnetic ground state on sample quality. Anyway, such an in-
commensurate Mn3+ sinusoidal antiferromagnetic order, which should have no spin-orbit
coupling induced ferroelectricity, still allows a polarization along the c-axis again due to
the exchange striction between Ho3+ and Mn3+. The prerequisite for this mechanism is
the synchronous modulation of Ho3+ moments and Mn3+ moments.
The b−c plane spiral of RMnO3 can be rotated onto the a−b plane spiral by magnetic
field along the c-axis. This rotation makes the exchange striction between neighbor-
ing R3+ and Mn3+ spins fail to generate a polarization along the a-axis. Even though,
Mochizuki et al. suggested that the exchange striction between neighboring Mn spins is
still active because the spin spiral is distorted, namely the angles between the nearest-
neighbor Mn spins are modulated [242]. A similar conclusion, i.e. the spin-spiral in-
homogeneity, was also obtained by the Hartree-Fock treatment of the Hubbard model
[243]. Such an exchange striction induces a polarization along the a-axis, applicable to
orthorhombic HoMnO3. It is thus understandable why the polarization from the a − b
plane spiral is larger than that from the b− c plane, since for the latter case the local po-
larizations arisen from the exchange striction are canceled. On the other hand, Mochizuki
et al. also predicted that a noncollinear spin spiral as a distortion to the E-type antifer-
romagnetic order, has a contribution to the total polarization via the spin-orbit coupling
[244].
Furthermore, experimental evidences with the coexistence of spiral component and
E-type antiferromagnetic component in some RMnO3 are available [36, 245], and this
coexistence was first predicted theoretically [246]. Most likely, the whole RMnO3 family
is an ideal platform for illustrating such multiple contributions to the magnetism-driven
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Figure 23. (Colour online) Ferroelectricity of DyMnO3. (a-d) the pyroelectric polarizations (P ) of DyMnO3
along the a- and c-axes as a function of temperature at various magnetic fields (H). At zero magnetic field, the
polarization along the c-axis is suppressed significantly at low temperature, as shown in (c-d). (a-d) Reprinted
figure with permission from T. Kimura et al., Physical Review B, 71, p. 224425, 2005 [35] Copyright c©(2005)
by the American Physical Society. (e-f) The Dy3+ and Mn3+ spin configurations in DyMnO3: (e) in the middle
temperature region (TDy < T < TFE); (f) in the low temperature region (T < TDy). (e-f) Reprinted figure
with permission from N. Zhang et al., Applied Physics Letters, 99, p. 102509, 2011 [239] Copyright c©(2011) by
the American Institute of Physics. (g) A sketch of the two polarization components in DyMnO3: Pso (P ′so) is
the contribution from the spiral order of Mn spins, Psp (P ′sp) is the contribution from the spin-lattice coupling
for the Dy-Mn spin pairs. Here Pexp is the measured polarization, Pth is the evaluated polarization assuming no
independent Dy spin order at low temperature. (g) Reprinted figure with permission from N. Zhang et al., Frontiers
of Physics, 7, pp. 408-417, 2012 [240] Copyright c©(2012) by the Higher Education Press and Springer-Verlag Berlin
Heidelberg.
ferroelectricity.
Of course, the hybrid mechanism is not limited to the RMnO3 family, and would be
highly possible in those multiferroics with complicated crystal structure and magnetism.
One case is the RMn2O5 family if R
3+ ion is magnetic, where both the Mn3+-Mn4+ and
the R3+-Mn3+/Mn4+ couplings contribute to the total polarization [171]. For CaMn7O12,
the density functional calculations predicted that the large polarization is mainly due to
the exchange striction, while the direction of polarization is determined by the spin-orbit
coupling, also rendering a hybrid character, once discussed earlier [192].
As a summary, although a classification of multiferroic materials and underlying mag-
netoelectric mechanisms can be made, in many cases such a classification may not be
rigorous and exceptions which contain multiple contributions to magnetoelectricity can
be found.
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Figure 24. (Colour online) A schematic of exchange frustrations in a spin chain. (a) A one-dimensional chain
with the nearest-neighbor and next-nearest-neighbor exchanges (J1 and J2, respectively). (b) A simplified ground
state phase diagram for an infinite spin chain as (a), if all the spins are Ising-type. The phase boundaries are at
J2/|J1| = 1/2 and J1 = 0. (c) The geometric frustration in a regular triangle lattice if J is antiferromagnetic. (d)
The exchange frustration in a square lattice with competing J1 and J2.
3.6. Thermodynamic formulations & phase diagrams
In the earlier sections, the Landau phenomenological theory of magnetoelectric coupling
and the details of microscopic mechanisms for multiferroicity in a broad spectrum of
multiferroic materials have been introduced. Physically, a fundamental question is how
to understand and obtain these special magnetic orders. A complete formulation of every
exchange term/coupling term contributing to the multiferroicity would be more appreci-
ated. In this subsection, the thermodynamics of typical magnetic orders involved in the
type-II multiferroics will be reviewed, while discussion on the ground state formulation
at zero temperature is also given for some cases. Consequently, a set of multiferroic phase
diagrams will be presented.
In general, for a magnetic system, a simple Ising/Heisenberg model Hamiltonian can
be written as:
H = J1
∑
<ij>
Si · Sj + J2
∑
[ik]
Si · Sk, (23)
where J1 and J2 denote the exchanges between the nearest-neighbor and next-nearest-
neighbor spin pairs, respectively; subscripts i/j/k are the site indices. For a (quasi-)
one-dimensional classical spin chain (Fig. 24(a)), only the nearest-neighbor exchange is
considered (i.e. J2 = 0) and the ground state is fully ferromagnetic if J1 < 0 or anti-
ferromagnetic (↑↓↑↓) if J1 > 0. If the next-nearest-neighbor exchange J2 is nonzero, the
ground state can be different. For an Ising-type spin chain, the ground state becomes
↑↑↓↓ if J2/|J1| > 0.5 regardless of the sign of J1 (see Fig. 24(b) for the phase diagram).
For a Heisenberg-type spin chain with a ferromagnetic J1 (negative) and an antiferro-
magnetic J2 (positive), the ground state becomes a spiral order with the wavelength as
2pi/ arccos(−J1/4J2) if J2 > −J1/4.
Actually, one can find several discussions on one-dimensional chains in the previous
subsections, which are some simple presentations of spin frustration. Spin frustration
can also occur in a two-dimensional (three-dimensional) lattice. For example, in a two-
dimensional triangular lattice, if all the nearest-neighbor exchanges are identical and
positive (see Fig. 24(c)), the three spins in each triangle cell will be frustrated, giv-
ing the ↑↓↑ or ↑↓↓ pattern for Ising-type spins, or the 120◦ type noncollinear pattern
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for Heisenberg-type spins. This type of frustration is not due to the competing next-
nearest-neighbor interactions but due to the structural geometry [247]. For a square
lattice, the next-nearest-neighbor exchange may bring spin frustration into the lattice
(see Fig. 24(d)). In addition, if there are multiple exchanges, for example the double-
exchange and superexchange in manganites, spin frustration is possible even only the
nearest-neighbor interactions are considered [248].
We take perovskite RMnO3 family as model systems to describe various stages of re-
search in formulating a complete thermodynamic approach to the multiferroicity. First,
we show how frustration drives abundant magnetic orders. Usually, RMnO3 accommo-
dates the GdFeO3-type lattice distortion which becomes more serious with decreasing A-
site ionic size, and thus the Mn-O-Mn bonds become bent more, as sketched in Fig. 25(a).
This bond-bending suppresses the exchanges between the nearest-neighbor Mn sites, but
enhances the exchanges between the next-nearest-neighbor Mn sites along the b-axis. In
sequence, the ground state of RMnO3 changes from the A-type antiferromagnetism as
in LaMnO3 to a spiral-spin order as in TbMnO3, and finally to the E-type antiferromag-
netism as in HoMnO3 [249].
Second, in subsequence to these works in earlier years [95, 186, 250], a comprehensive
and semi-quantum grasp of various aspects of the phase diagram started from 2008. Based
on the two-orbital double-exchange model, Dong et al. reproduced the sequential phase
transitions [246, 251]. It was revealed that a weak next-nearest-neighbor superexchange
along the b-axis is required to obtain a realistic spiral wavelength for the spiral spin order
(see Fig. 25(g-i)), and the Jahn-Teller distortion is also crucial. Later on, Kumar et al.
argued that even a weak J2 was not necessary if a finite Hund coupling (between the
t2g spins and eg spin), instead of an infinite coupling assumed usually in the double-
exchange physics of manganites, is considered [252]. This later argument seems not yet
well confirmed since the proposed phase diagram does not obtain verification, e.g. using
an unbiased Monte Carlo method.
Third, a comprehensive Heisenberg spin model (Mochizuki-Furukawa model) account-
ing of every interaction/coupling identified in orthorhombic RMnO3 family was pro-
posed in 2009 [253, 254]. This model considers not only the exchanges (both the
nearest-neighbor and next-nearest-neighbor ones), but also the single-ion anisotropy,
Dzyaloshinskii-Moriya interaction, and cubic anisotropy, as shown in Fig. 25(b-c). The
measured phase diagrams (Fig. 25(e)) on multiferroic manganites can be well repro-
duced with a set of properly selected parameters (see Fig. 25(d)). The key point to
access the spiral spin order is still the next-nearest-neighbor spin exchanges enhanced
by the orthorhombic lattice distortion, while the spiral plane (a − b versus b − c) is
exquisitely controlled by tuning the competition between the single-ion anisotropy and
Dzyaloshinskii-Moriya interaction. Using this model, Mochizuki et al. studied a series
of multiferroicity-related properties of RMnO3, such as polarization reorientation [242],
electromagnons [255], magnetostrictions [244], picosecond optical switching of spin chi-
rality [256], and magnetic switching of ferroelectricity [257] etc. This model was also
applied to simulate magnetic-field induced rotation of spiral plane (and the correspond-
ing ferroelectric polarization) in RMnO3, and cycloidal spin structures of RMnO3 thin
films on various magnetic substrates [258, 259]. All these simulations explained reason-
ably the experimental observations on RMnO3 on one hand and gave some valuable
predictions on the other hand. For example, a recent experiment on TbMnO3 under
high pressure (> 5 GPa) revealed a considerably enhanced improper ferroelectric polar-
ization (1.0 − 1.8 µC/cm2) due to the entrance of the E-type antiferromagnetic phase
which would be absent in ambient pressure [260, 261]. This finding can be well under-
stood based on these spin models, because the lattice compression could enhance the
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Figure 25. (Colour online) Multiferroic phase diagrams of RMnO3. (a) A schematic of MnO6 octahedra in or-
thorhombic RMnO3, with marked spin exchange paths. Here FM (AFM) denotes the (anti-)ferromagnetic exchange
interaction. (b) The proposed main paths for the next-neighbor ferromagnetic exchange Ja along the a-axis. (c)
The Dzyaloshinskii-Moriya vectors dij of Mni-O-Mnj bonds. (d) A predicted phase diagram of RMnO3 using the
Mochizuki-Furukawa classical model. Here ICS denotes the incommensurate spiral phase. In the shadow area, an
incommensurate spin state coexists with the E-type antiferromagnetic state. (e) The measured phase diagram of
RMnO3 in comparison with the predicted diagram in (d). (f) The zero-temperature polarization as a function
of Jb (in proportional to decreasing R
3+ size). PS : contribution from the symmetric exchange striction (S · S);
PAS : contribution from the asymmetric Dzyaloshinskii-Moriya interaction (S×S). P (Exp.): experimental data on
Eu1−xYxMnO3 and Y1−yLuyMnO3, in good agreement with PS + PAS . (a-d) Reprinted figure with permission
from M. Mochizuki et al., Physical Review B, 84, p. 144409, 2011 [242] Copyright c©(2011) by the American
Physical Society. (g) The ground state phase diagram of RMnO3 as a function of the nearest-neighbor superex-
change (JAF) and the next-nearest-neighbor superexchange (J2) along the b-axis, calculated using the two-orbital
double-exchange model. A/E/G: A/E/G-type antiferromagnetism; S: spiral spin order. (h) The corresponding
wave vector along the pseudocubic direction, i.e. x or y as indicated in (c). (i) A simplified finite-temperature
phase diagram of the two-orbital double-exchange model, obtained using Monte Carlo simulation. (g-i) Reprinted
figure with permission from S. Dong et al., Physical Review B, 78, p. 155121, 2008 [246] Copyright c©(2008) by
the American Physical Society.
GdFeO3-type distortion, shifting the ground state from the spiral spin order to the E-
type antiferromagnetism [246, 253]. In addition, a strain to orthorhombic LuMnO3 may
also tune the the GdFeO3-type distortion, and thus affect its magnetism and ferroelec-
tricity [262], which can be understood according to these models. Furthermore, both
the double-exchange model and Mochizuki-Furukawa classical spin model predicted the
phase coexisting tendency around the spiral-E-type phase boundary, which has been
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experimentally evidenced [36, 114, 245].
Different from the above discussions, the phase diagram of RMnO3 was also con-
structed using phenomenological Landau theory [74, 263] in an alternative presentation
to e.g. the Mochizuki-Furukawa model. Besides the most studied RMnO3, spin models on
other multiferroic systems, e.g. RMn2O5, have been proposed [264]. The phase diagram
and spin excitation phenomena were discussed. Xiang developed an efficient four-state
scheme to extract the exchanges and Dzyaloshinskii-Moriya interactions, as well as their
derivatives with respect to atomic displacements on the basis of density functional cal-
culations, so that these spin models can be used for quantitative predictions on various
multiferroics [265].
3.7. Magnetoelectric excitations & dynamics
Besides the static and quasi-static magnetoelectric coupling phenomena in multiferroics,
magnetoelectric excitations/dynamics are also the core ingredients of multiferroic physics.
The magnetoelectric dynamics deals with particular multiferroic quantities X behaving
as the nontrivial functions of time (t), i.e., dX/dt 6= 0. These quantities cover electro-
magnons, domain dynamics, and other multiferroic excitons in various frequency ranges
of excitations. We mainly review recent progress in understanding the electromagnons
and dynamic evolutions of multiferroic domain structures.
3.7.1. Electromagnons: spin-lattice coupling vs spin-orbit coupling
Following the symmetry consensus discussed in Sec. 2.2, any energy term for magneto-
electric coupling must be invariant under the time-reversal and space-inversion symmetry
operations. In this sense, a simple time-dependent (dynamic) combination of M and P,
M ·dP/dt or its variants, is allowed in the energy expression. It is noted that the order of
this term is lower than all those time-independent (static or quasi-static) magnetoelectric
coupling terms discussed earlier, implying a possible strongly-coupled magnetoelectric
dynamic effect associated with this energy term.
To obtain a nonzero dP/dt, an AC electric field can be employed to excite the dynamic
polarization. Due to this allowed dynamic magnetoelectric coupling, a spatial modulation
of spin moments in a multiferroic, i.e., magnon, is present. This type of excitations is
named electromagnons. For realistic multiferroics, such an AC electric field is usually the
electric component of electromagnetic wave (light) in the Terahertz or far-infrared range.
As early as 2006, Pimenov et al. reported an observation of the Terahertz-
magnetodielectric effect and electromagnon spectra in GdMnO3 and TbMnO3 [266].
The imaginary part of the terahertz-dielectric function shows a broad relaxation-like ex-
citation with characteristic frequency n0 = 23 ± 3 cm−1 in GdMnO3 and n0 = 20 ± 3
cm−1 in TbMnO3 when the electric component is along the a-axis. Such an excitation
is magnetism-related since magnetic field can effectively suppress this excitation. The
magnitude of excitations increases with decreasing temperature and saturates in the
low-temperature magnetic phase. However, no significant variations were observed in
TbMnO3 passing across the magnetic/ferroelectric phase boundary at 28 K. Instead,
when the electric component is rotated to the b-axis, this excitation can be significantly
suppressed. For example, the temperature dependence of the terahertz absorption spectra
for analogous Eu1−xYxMnO3 is summarized in Fig. 26(b-e). All these characters suggest
that electromagnon is independent of the existence of static ferroelectric polarization,
although it is associated with the coupling between magnetism and lattice degrees of
freedom. Surely, in some cases, a coupling of magnon modes to electric polarization is
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possible, as evidenced experimentally [267].
Soon, in 2007, Katsura, Nagaosa, and Balatsky (KNB) proposed a dynamic theory
based on their seminal model on spiral-driven-ferroelectricity, in order to explain the
electromagnons observed in orthorhombic RMnO3 [268]. As known, for TbMnO3, the
b− c plane spin spiral propagating along the b-axis generates a polarization along the c-
axis. Such a spiral and associated polarization can be rotated to the a−b plane and a-axis,
respectively. It is natural to expect that an electric field along the a-axis can excite this
spiral-plane rotation, rendering the electromagnons observed experimentally. A calcula-
tion of the eigenmodes of magnetic cycloid predicts an approximately correct spectrum
for electromagnons. In this theory, term dP/dt describes a flip of the spiral-spin-driven
polarization. However, the calculated dielectric contribution from such electromagnons is
much smaller than the measured value. Another serious contradiction is that the observed
excitation spectrum does not always follow the prediction. Taking Eu0.75Y0.25MnO3 as
an example, its spin spiral is in the a − b plane and thus the induced polarization is
along the a-axis. The expected electric component should be along the c-axis to excite
the flip of polarization. Unfortunately, this prediction fails and the active electric com-
ponent still aligning along the a-axis was observed, as shown in TbMnO3 [269]. Later
on, a two-magnon excitation was proposed to understand the experimental observations
[270].
In 2009, Valde´s Aguilar et al. measured the far infrared absorption of TbMnO3 [271].
Their experiment clearly indicated that the electric component was along the a-axis, no
matter whether the spiral plane was in the b−c plane or the a−b plane. More importantly,
they developed an alternative model based on the Heisenberg exchange to explain the
electromagnons. Different from the KNB theory based on the spin-orbit coupling, their
model is based on the spin-lattice coupling, although the static ferroelectric polarization
is from the spin-orbit coupling. As shown in Fig. 26(a), the GdFeO3-type distortion drives
the oxygen anions in the a−b plane to deviate from the middle point of the Mn-Mn bonds
in a zigzag manner. An electric field applied along the a-axis synchronously shift all the
oxygen anions to one direction. In the other words, here the dynamic polarization com-
ponent involved in the dP/dt term is from the electric-field driven electric displacements
in such an ionic crystal, instead of its spontaneous ferroelectric polarization. Therefore,
here TbMnO3 (or Eu0.75Y0.25MnO3) was used as a magnetic dielectric material instead
of a magnetic ferroelectric. In details, the AC electric field distorts the Mn-O-Mn bond
angles, giving rise to modulated Heisenberg exchanges, which distort the noncollinear
spin configuration and excite magnons. Considering that this mechanism cannot distort
the collinear spin pairs, the electric component along the b-axis or c-axis cannot acti-
vate single-magnon excitations. In short, the much stronger Heisenberg exchange term,
instead of the spin-orbit coupling term, dominate the electromagnons (corresponding to
the zone-edge magnon mode) in TbMnO3, while the KNB theory on the spiral-plane flop
is basically a minor effect and only responsible for the low energy electromagnons.
Furthermore, the electromagnon mode in TbMnO3 can be used to estimate the stiff-
ness of spin-lattice coupling. According to the excitation energy, the exchange striction
intensity in orthorhombic RMnO3 can be evaluated [271]. The as-generated ferroelectric
polarization in those E-type antiferromagnetic manganites (e.g. orthorhombic HoMnO3
and YMnO3), as estimated, should be ∼ 1 µC/cm2, agreeing with recently measured
data [115].
However, the spin-lattice coupling mediated electromagnons are magnetic-dipole in-
active, indicating the absence of cross-coupling between magnetism and ferroelectricity.
The subsequent studies on electromagnons revealed more than one type of excitations
in the spiral order states of RMnO3 [273]. A later on experiment on Eu0.55Y0.45MnO3
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Figure 26. (Colour online) Electromagnon excitations of RMnO3 with the spiral spin order. (a) A schematic of the
magnetostriction-induced electromagnon. The a−b plane of the Pbnm unit cell, blue: Mn, pink: oxygen. The oxygen
displacements from the midpoints of the Mn-Mn bonds can be expressed as: δr1+b,2+a = −δr1,2 = (δx, δy, δz),
δr1,2+a = −δr1+b,2 = (−δx, δy, δz). In the next layer (with z = ±c/2), the Mn index is given in the parentheses
and the displacements of oxygen ions have opposite δz. The AC electric component along the a-axis distorts the
Mn-O-Mn ionic bonds. For example, along the b-axis, one Mn-O-Mn bond becomes more bent while the next
bond becomes straighter. Such a distortion will excite magnons. (a) Reprinted figure with permission from R.
Valde´s Aguilar et al., Physical Review Letters, 102, p. 047203, 2009 [271] Copyright c©(2009) by the American
Physical Society. (b-c) The temperature dependence of the terahertz absorption spectra for Eu1−xYxMnO3: (c)
x = 0.2 (A-type antiferromagnetic); (d) x = 0.4 (spiral). The AC electric component Eω is along the a-axis. The
electromagnon and two phonon modes are denoted as A, B, and C, respectively. As expected, the electromagnon
is negligible in the x = 0.2 case. (d) The substitution-dependent energies of phonon, magnon, and electromagnon
in Eu1−xYxMnO3. (e) A contour mapping of the electromagnon (spectral weight) on the phase diagram. The dots
indicate the measured data and the color contour was obtained by a linear interpolation from these data points.
(b-e) Reprinted figure with permission from Y. Takahashi et al., Physical Review B, 79, p. 214431, 2009 [272]
Copyright c©(2009) by the American Physical Society.
by Takahashi et al. unraveled the cross-coupled electromagnon driven by the spin-orbit
coupling [274], as proposed by Katsura, Balatsky, and Nagaosa [268]. Here, the absorbed
photons for Eω||c are to excite the spiral-plane flop (see Fig. 27(a)), whose peak position
is at ∼ 0.4 − 0.8 meV (Fig. 27(c)), depending on DC magnetic field. For a compari-
son, the magnetostriction-induced electromagon (Fig. 27(b)) (selective rule Eω||a) for
identical material is at 2.4 meV and its amplitude is much stronger (Fig. 27(d)).
One of the most intriguing aspects of this type of electromagnons is its dynamic mag-
netoelectric effect. The incident light of wave vector k can couple with magnetization M
(under magnetic field) and polarization P (Fig. 27(e)). The coupling term k · (P ×M)
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biases the refractive index, making the directional non-reciprocity for light transmission
(Fig. 27(f-g)). Similar directional dichroism was also observed in Ba2CoGe2O7 [275, 276].
This issue seems to be a topic deserving specific attention in the future, noting that a de-
tailed description on electromagnons in orthorhombic RMnO3 before 2011 can be found
in the review article by Shuvaev, Mukhin, and Pimenov [277].
In dynamics, the excitation of electromagnons can be simulated using the Landau-
Lifshitz-Gilbert equation for a classical spin model. By considering a whole set of inter-
actions/couplings, a dynamic Mochizuki-Furukawa-Nagaosa spin model as an extension
to the Mochizuki-Furukawa model was proposed for multiferroic manganites, which can
not only successfully reproduce the phase diagram of RMnO3, e.g., the spin spiral and
its spin plane flop, but also simulate the electromagnon excitations [255]. In addition
to the main electromagnons’ modes, higher harmonics of the spiral spin configuration
were found to impose crucial influence on the magnon dispersion and electromagnon
spectrum. This finding explains the puzzling low-energy peak in the optical spectrum.
Furthermore, this spin model also predicted that picosecond optical pulses with tera-
hertz frequency can switch the spin chirality (clockwise/counterclockwise ab/bc-plane
spirals) by intensely exciting the electromagnons [256]. Besides, neutron scattering was
once used to probe the electromagnon excitation too and two types of electromagnons,
i.e., the high energy one due to the exchange striction and the low energy one due to the
cycloid rotation were found in DyMnO3 [278], in consistent with the optical absorption
measurements.
Besides orthorhombic TbMnO3 and Eu1−xYxMnO3, there have been a number of ex-
perimental studies on electromagnons in other multiferroics, e.g. DyMnO3 [278, 279], E-
type antiferromagnetic RMnO3 [280], CuO [281], RMn2O5 [282–284], CaMn7O12 [285],
CuFe1−xGaxO2 [286], Ba2Mg2Fe12O22 [287], BiFeO3 [288], Ba2CoGe2O7 [275, 276], and
so on. The dynamic simulations using the Landau-Lifshitz-Gilbert equation based on
classical spin models are also available for some of these materials, e.g. RMn2O5 [289],
CuO [290], and BiFeO3 [291, 292].
3.7.2. Dynamics of multiferroic domains in o-RMnO3
In accompanying with electromagnon excitations, the other aspects of dynamic magneto-
electric coupling include multiferroic domain dynamics driven by external stimulations.
Taking the most studied orthorhombic manganites as examples, the ab-plane spiral and
bc-plane spiral, corresponding to the ferroelectric polarizations along the a-axis and c-
axis, coexist in the spiral spin order region respectively. Three types of domain walls can
be defined as: DW±a, DW±c, DW±a/ ± c (Fig. 28(a)). The first two denote the do-
main walls between the co-plane spirals with opposite helicity (also opposite P’s), while
the third one is the domain wall between the ab-plane spiral and bc-plane spiral (with
perpendicular P, as sketched in Fig. 28(b)).
We discuss one case, and start from a virgin multiferroic state without electric poling.
The helicity is randomly chosen, with equivalent weights of the positive and negative
helicities as shown in Fig. 28(c). The electric poling can change the weights of clockwise
and anticlockwise spirals, as experimentally observed in Gd0.7Tb0.3MnO3 [78]. Fina et
al. found the memory effects during the spiral flop in a strained orthorhombic YMnO3
[294] thin film. Although bulk orthorhombic YMnO3 favors more likely the E-type anti-
ferromagnetic order, the YMnO3 film on Nb:SrTiO3 substrate favors the bc-plane spiral
as the ground state. A magnetic field may drive the spiral to the ab-plane, generating
the DW±a/ ± c. Without an electric poling, the clockwise and anticlockwise ab-plane
cycloidal domains under a magnetic field are similar in volume, implying the random
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Figure 27. (Colour online) The dynamics of electromagnons in multiferroic manganites. (a-b) A schematic of two
electromagnon modes in the ab-plane cycloidal spin state of Eu0.55Y0.45MnO3. q: wave numbers of magnons. (a)
The cross-coupled electromagnon: the AC electric field along the c-axis induces a rotational vibration of the helical
spin plane around the b axis. (b) The magnetostriction-induced electromagnon: the AC electric field along the
a-axis distorts the Mn-O-Mn bonds and induces a rotational vibration of the spins around the c axis. (c-d) The
corresponding imaginary part κ of the refractive index at 4 K. A static magnetic field (HDC) is applied along the
c-axis. (c) (Eω ||c, Hω ||a), corresponding to the cross-coupled electromagnon. (d) (Eω ||a, Hω ||c), corresponding
to the magnetostriction-induced electromagnon. The cross-coupled electromagnon (peaked < 1.0 meV) is much
weaker than the magnetostriction-induced electromagnon (peaked 2.4 meV). The peak at 2.7 meV in (c) is due
to the conventional antiferromagnetic resonance driven by the Hω ||a component of light (not discussed here). (e)
The experimental configuration for directional dichroism measurement. The polarization (P) and magnetization
(M) under a static magnetic field (see insert) are shown, plus the light components (Eω , Hω , and wave vector
kω). In the +kω case, (Eω , Hω) can drive the vibration of both P and M (upper panel), whereas in the −kω case
light suppresses the vibrations of both P and M (lower panel). (f) The time-domain waveform of the transmitted
terahertz pulses in different configurations (black and blue) and their difference (red). (g) The imaginary part of
refractive index for (Eω ||c, Hω ||a) under a magnetic field (HDC) along the c axis at 4 K. Reprinted by permission
from Macmillian Publishers Ltd: Y. Takahashi, et al., Nature Physics, 8, pp. 121-125, 2012 [274]. Copyright
c©(2012). 57
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Figure 28. (Colour online) The multiferroic domains. (a) A schematic of multiferroic domain walls in orthorhombic
RMnO3 with the spiral spin orders (ab-plane cycloidal vs bc-plane cycloidal). The red lines denote the walls (DW±a
and DW±c) across which the neighboring spin helicities and polarizations are opposite. The blue lines denote the
walls (DW±a/±c) across which the neighboring spin helicity and polarization are perpendicular. (b) The calculated
domain wall structure between the bc-plane cycloidal and ab-plane cycloidal domains. Blue arrows: Mn spins; red
arrows: local electric polarizations. (a-b) Reprinted figure with permission from F. Kagawa et al., Physical Review
Letters, 102, p. 057604, 2009 [293] Copyright c©(2009) by the American Physical Society. (c-d) Two ferroelectric
domains: (c) random helicity and equivalent positive/negative polar domains; (d) the poling effect is partially
memorized, with more positive polar domains than negative domains, after an electric poling and then spiral
plane rotations (to the bc-plane and then back to the ab-plane). (c-d) Reprinted figure with permission from I.
Fina et al., Physical Review Letters, 107, p. 257601, 2011 [294] Copyright c©(2011) by the American Physical
Society.
choice of domain switching. The nontrivial dynamic process happens after an electric
poling. The electric poling in the ab-plane cycloidal state is memorized after the spiral
plane is flopped to the bc-plane and then back to the ab-plane by tuning the magnetic
field [294]. In the other words, the helicity polarized state in the ab-plane can be partially
sustained even the spiral plane is changed, as sketched in Fig. 28(d). This memory effect
is attributed to the dynamic effect of domain wall DW±a/± c.
The dynamics of multiferroic domain walls can be elucidated using the frequency-
dependent dielectric susceptibility. In the 103−109 Hz range, all domain walls in DyMnO3
exhibit the relaxation-like motion [293, 295]. This relaxation gives rise to a giant magne-
tocapacitance effect [293, 296]. With respect to the dynamics of conventional ferroelectric
domain walls, the motion of multiferroic domain walls are much faster (with a high re-
laxation rate ∼ 107 s−1), reflecting its magnetic origin [293].
More details on the dynamic magnetoelectric response in the type-II multiferroics, not
limited to electromagnons but also the dynamics of multiferroic domains, can be found
in a topical review by Tokura and Kida [297].
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4. Magnetoelectric coupling in thin films and heterostructures: from
science to devices
In parallel to extensive research on synthesizing single phase multiferroics and exploring
relevant magnetoelectric phenomena, artificial design and manufacturing of novel mag-
netoelectric structures from already existent transition metal compounds represent the
other track receiving similarly intensive attention. In recent years, interfaces between
functional oxides have drawn lot of research attention not only for their fascinating
physics which is simply absent in the component materials, but also for promising per-
spectives of applications which can be designed more or less as one wishes [298–300].
While correlated electronic materials themselves show many emergent physical prop-
erties beyond traditional functional materials such as semiconductors, introduction of
interfaces by well controlled manners, as done in thin films and heterostructures, pro-
vides an immense space for novel functionalities and relevant physics [301, 302]. This is
a truth for multiferroics too. In this section, the state-of-the-art of interfacial physics of
magnetoelectric thin films and heterostructures in the past decade will be reviewed.
Certainly, for thin films and heterostructures, additional ingredients besides a com-
bination and coupling of various ferroic orders from the corresponding components are
crucial for magnetoelectricity, including strain effect (piezo-effect) and interfacial car-
rier modulation. In these low-dimensional structures, domain walls and other emergent
interfacial features may also give their prominence to the bulk effects in terms of mag-
netoelectric performance. These issues will be discussed separately but they coexist in
many cases.
4.1. Strain-mediated magnetoelectricity
Although the pure strain-mediated magnetoelectric coupling is not the emphasis of the
present review, some interesting topics involving the quantum-level mechanisms are in-
troduced here.
4.1.1. Strain generated non-d0 ferroelectric polarization
The violation of the d0 rule for ferroelectricity in perovskites was first predicted in bulk
BaMnO3, as mentioned in Sec. 3.3.4. In addition, the non-d
0 ferroelectricity can be
obtained in compressive BiFeO3 films. The pseudo-cubic lattice constants of original
rhombohedral structure are a = b = c = 3.96 A˚ [9]. As the mostly used substrate, SrTiO3
is cubic with lattice constant of 3.905 A˚, which has a good proximity with rhombohedral
BiFeO3. However, for LaAlO3 (001) and YAlO3 (110) substrates whose pseudo-cubic
lattice constants are 3.79 A˚ and 3.69 A˚ respectively [303], the in-plane lattice of deposited
BiFeO3 films is strongly compressed while the out-of-plane lattice is elongated, giving
a tetragonal-like phase. The super-tetragonality is characterized by the big c/a ratio
reaching up to 1.27 [152].
Such a giant tetragonality can significantly enhance the ferroelectric polarization along
the c-axis. In spite of the d5 nature, the Fe ion can have an off-center displacement like
the d0 Ti in ferroelectric BaTiO3, due to the extremely elongated Fe-O bonds along
the c-axis. In fact, as early as 2004, Yun et al. found a giant polarization beyond 150
µC/cm2 in BiFeO3 thin films grown on Pt/TiO2/SiO2/Si substrates, which might be
due to this giant tetragonality [304]. Later, Ederer and Spaldin performed the density
functional calculations on the strain effects in various ferroelectrics, and found that a
large polarization up to ∼ 150 µC/cm2 for tetragonal BiFeO3 is possible [305]. In 2006,
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Figure 29. (Colour online) The super-tetragonal BiFeO3. (a) The X-ray diffraction patterns of the pseudo-cubic
002-peak of BiFeO3 thin films on three substrates: SrTiO3(001), LaAlO3(001), and YAlO3(110). Each substrate
peak is marked with a star. The long c-axis tetragonal phase appears in the films deposited on LaAlO3(001) and
YAlO3(110) substrates. (b-c) The transmission electron microscopy images of the tetragonal phase and rhombo-
hedral phase, respectively. Insets: a schematic of the unit cell. (d) The thickness-dependent structural parameters.
Left axis: the area fraction of rhombohedral phase measured by atomic force microscopy. Right axis: the volume
fraction of rhombohedral phase evaluated from the second harmonic generation signals. (e) A high-resolution
atomic force microscopy image of a mixed phase region. The atomic height profile along the white line is shown
in (f), which shows a 2− 3 nm variation in height from the tetragonal (bright) phase to the rhombohedral (dark)
phase. (g) A low-resolution cross-sectional transmission electron microscopy image of a mixed phase region in a
BiFeO3 film deposited on LaAlO3(001). Light: tetragonal phase; dark: rhombohedral phase. (h) A high-resolution
transmission electron microscopy image of the boundaries between the two phases in (g). From R. J. Zeches
et al., Science, 326, pp. 977-980, 2009 [152]. Reprinted with permission from the American Association for the
Advancement of Science.
Ricinschi et al. confirmed the density functional calculation results, and reported the
evidence for a tetragonal phase in their BiFeO3 films grown on SrTiO3, although the sta-
bility of a tetragonal phase on this substrate may be questioned [306]. In 2009, using the
high-resolution transmission electron microscopy and other imaging techniques, Zeches
et al. observed the tetragonal-like phase in the films deposited on LaAlO3 and YAlO3
substrates (see Fig. 29(a-c)) [152]. They also found the coexistence of tetragonal-like
phase and rhombohedral phase (see Fig. 29(d-h)) upon different deposition conditions,
e.g. thickness of film and underlying substrate. The two phases can be converted re-
versibly by electric field, rendering a strong piezoelectric effect which was claimed to be
a substitute for lead-based materials in the future piezoelectric applications [307].
4.1.2. Strain driven ferromagnetic & ferroelectric EuTiO3
Besides BiFeO3, it is known that some perovskite titantes (ATiO3, where A is a divalent
cation) are proper ferroelectrics, e.g. PbTiO3 and BaTiO3. In the other words, Ti
4+
60
January 19, 2016 1:34 Advances in Physics arXiv2
Figure 30. (Colour online) Multiferroic behaviors of EuTiO3 under biaxial strain. (a) A calculated phase diagram.
PE: paraelectric; FE: ferroelectric; AFM: antiferromagnetic; FM: ferromagnetic. (b) The structure of EuTiO3. (c)
A schematic of an epitaxially tensile EuTiO3 thin-film on DyScO3 substrate. (d) The measured magnetic hysteresis
loops of EuTiO3 thin films on various substrates: non-ferromagnetic EuTiO3 on SrTiO3 (blue) and EuTiO3 on
LSAT ((LaAlO3)0.29-(SrAl1/2Ta1/2O3)0.71) (green), and ferromagnetic EuTiO3 on DyScO3 (red). The data for
bare DyScO3 substrate (gold) are inserted for reference. The θKerr angle (θKerr) is proportional to the in-plane
magnetization. (e) The temperature dependence of magnetization. Inset, the isothermal magnetization hysteresis
loops at 1.8 K and 3.8 K. (f) The temperature dependent second harmonic generation (SHG) intensity, indicating
that only the EuTiO3 on DyScO3 (red) is polar below 250 K and others are nonpolar. (g) The hysteresis loop
(top) and corresponding polarization loop (bottom) for a EuTiO3 film on DyScO3 substrate at 5 K. Reprinted by
permission from Macmillian Publishers Ltd: J. H. Lee, Nature, 466, pp. 954-958, 2010 [309]. Copyright c©(2010).
is a ferroelectric-active ion. It was thus speculated that ATiO3 can be multiferroic if
cation A2+ is magnetic. EuTiO3 is just the case, where the Eu’s valence is +2 instead
of normal +3 for most rare earth ions. Based on the density functional calculations,
Fennie and Rabe predicted that the paraelectric antiferromagnetic EuTiO3 would become
ferromagnetic and ferroelectric, given a compressive strain exceeding 1.2% [308]. However,
due to some practical reasons (e.g. no proper substrate), this prediction has yet to be
well confirmed.
Later, their density functional calculations predicted that a weak tensile strain (>
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0.75%) could also induce the ferromagnetic + ferroelectric ground state, as summarized in
Fig. 30(a-c). The ferromagnetism comes from the Eu2+ 4f spins while the ferroelectricity
is due to the Ti4+ ions [309]. In this sense, this strained EuTiO3 is a type-I multiferroic.
Consequently, Lee et al. fabricated such a tensile thin film on DyScO3 substrate which
can provide a biaxial tensile strain of 1.1% [309]. The temperature-dependent second
harmonic generation measurement found that its ferroelectric Curie temperature is as
high as 250 K (see Fig. 30(f-g)), while the magneto-optic Kerr angle measurement found
that the ferromagnetism is below 4.24 K (see Fig. 30(d-e)) [309]. A subsequent experiment
suggested an even more complex scenario: an inhomogeneous state with the coexistence
of a ferromagnetic state and a possibly paramagnetic state in the low magnetic field
range, implying a degeneracy of the magnetic states [310].
4.1.3. Piezostrain tuning of magnetism
The strain effect described above is static, which paves a basis for an electro-control of
multiferroicity using the “dynamic” strain. In principle, all ferroelectrics are piezoelectric
materials, thus allowing an opportunity for an electro-tunable strain using a piezoelec-
tric substrate. A pioneer work along this line was the synthesis of BaTiO3-CoFe2O4
ordered nanostructures [311]. The magnetization of CoFe2O4 shows an anomaly at the
ferroelectric Curie temperature although no electro-control of magnetism was mentioned.
Later, many experimental attempts have been reported and some of them reported in
earlier years were reviewed [65–67]. Here some selected works in recent years are briefly
highlighted to cover the latest progress.
(1 − x)[PbMg1/3Nb2/3O3]-x[PbTiO3] (PMN-PT) is a widely used piezoelectric mate-
rial with prominent piezoelectric coefficient. With increasing x, the structure evolves
from a rhombohedral phase to a tetragonal, generating a morphotropic phase boundary
(MPB) with the best piezoelectricity around x = 33% [312]. PMN-PT has been often
adopted as substrates in attempting piezostrain tuning of magnetism in heterostructures.
Other piezoelectric materials used as substrates or components in heterostructures in-
clude PbTiO3, BaTiO3, and Pb(Zr1−xTix)O3.
For the piezoelectric-ferromagnetic heterostructures, piezostrain can tune the orienta-
tion of magnetization since magnetic anisotropy is usually associated with lattice distor-
tion. As a representative approach, a complete reversal of magnetization may be realized
via a two-step scheme. As the first step, a perpendicular (90◦) rotation of magnetization
was observed respectively in, e.g. Ni/PMN-PT [313], Co40Fe40B20/PMN-PT [314, 315],
which can be understood as a result of the in-plane piezostrain distortion. A full flip
(180◦) of magnetization was realized as a successive deterministic perpendicular rotation,
as demonstrated in Ni/BaTiO3 [316] and Co/PMN-PT [317]. This effect is a process-
dependent dynamic sequence of the magnetic moments [318], since the static energy
cannot distinguish the 180◦ flipped state and the initial non-flipped state unless an as-
sistance of magnetic field) is given [319]. The hysteresis and coercivity of magnetism and
pizeoelectricity are crucial and a careful tuning to realize this electro-control-magnetism
functionality is needed.
Other types of piezostrain tuning of magnetism can be assigned too, e.g. utilizing
some magnetic phase transitions. For example, in PMN-PT/manganite heterostructures,
the strain can tune the phase competition of manganites, by which the magnetism and
transport behavior of a manganite layer can be significantly modulated [320–324]. Be-
sides manganites, the charge-ordering transition (i.e. the Verwey transition) of Fe3O4
can be tuned by the piezostrain of PMN-PT substrate [325]. An electric field induced
shifting of the ferromagnetic resonance in Fe3O4/Pb(Zr1−xTix)O3 and Fe3O4/PMN-PT
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heterostructures was reported too, rendering a giant microwave tunability of magnetism
[326]. The piezostrain tuning of magnetism in other magnetic oxides, e.g. CoFe2O4,
NiFe2O4, and BiFeO3, using PMN-PT substrates for most cases, was discussed by various
approaches [327–329]. A high-density magnetoresistive random access memory operating
at ultra-low voltage and room temperature was also designed based on the piezostrain
effect [330].
It is noted that all of the above examples deal with the piezostrain tuning of mag-
netism and proper ferroelectricity. The strain effect on improper ferroelectricity was also
reported. For example, the ferroelectricity and magnetic order of orthorhombic RMnO3
can be re-shaped using strain [262, 294, 331].
4.2. Carrier-mediated interfacial magnetoelectricity
For an interface or a surface, the space-inversion symmetry is naturally broken even
the underlying material is nonpolar. If any interfacial/surface magnetism is involved to
break the time-reversal symmetry, it will be quite promising to access the magnetoelectric
coupling due to the simultaneously broken time-reversal and space-inversion symmetries.
Such an interfacial/surface magnetism can be realized via carrier-mediation by several
simplest approaches. We outline four of them here.
4.2.1. Spin-dependent screening, bonding, & oxidization
The simplest model system in this category is the surface of ferromagnetic metals, which
breaks both the time-reversal and space-inversion symmetries. The magnetoelectric effect
originates from the spin-dependent carrier screening of an electric field which leads to
notable variations of the surface magnetization and surface magnetocrystalline anisotropy
[332]. This magnetoelectric effect can be substantially magnified at the interface between
a ferromagnetic film and a high-κ dielectric material, e.g. SrRuO3/SrTiO3 [333].
The carrier-mediated magnetoelectric effect can be further enhanced in ferromag-
net/ferroelectric heterostructures. A ferroelectric polarization near an interface is equiva-
lent to an amount of surface charges. The charge density can be estimated from the value
of polarization, e.g. 10 µC/cm2 corresponds to ∼ 0.1 electron per unit cell if the pseudo-
cubic lattice constant is ∼ 4 A˚ [334]. This effect can be categorized as the ferroelectric
field effect (Fig. 31(a-b)), which was predicted to appear in SrRuO3/BaTiO3/SrRuO3
heterostructure [335]. As a result, the magnetizations of SrRuO3 at the two end inter-
faces become significantly different due to the ferroelectricity in BaTiO3. The obtained
change of magnetic moment caused by a polarization reversal is 0.31 µB per Ru per
interface. Meanwhile, Cai et al. proposed a strategy to realize the room-temperature
magnetoelectric effect in a tri-component ferromagnet/ferroelectric/normal-metal super-
lattice [336]. Due to the broken inversion symmetry between the ferromagnet/ferroelectric
and normal-metal/ferroelectric interfaces, an additional magnetization caused by spin-
dependent screening accumulates at the ferromagnet/ferroelectric interface, which is not
canceled by the depletion at the normal-metal/ferroelectric interface. A large global
magnetization over the whole superlattice can be induced. Based on this model, Lee et
al. predicted a robust magnetoelectric coupling in Fe/BaTiO3/Pt and Fe/PbTiO3/Pt
superlattices [337].
The microscopic mechanism for such a spin-dependent screening behavior can be com-
plicated. As early as 2006, Duan et al. studied the Fe/BaTiO3 interface, in which the
hybridization between the Ti’s 3d and Fe’s 3d states near the interface should be respon-
sible for the large magnetoelectric effect [338]. This strong hybridization leads to the
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formation of bonding states which result in a net magnetic moment on the Ti site. The
induced moment is sensitive to the interfacial bonding strength and can be controlled
by switching the ferroelectric polarization of BaTiO3: for a polarization pointing toward
the interface, the Fe-Ti bond becomes shorter, which enhances the bonding coupling and
thus pushes the minority-spin bonding states down to a lower energy. These bonding
states are more populated than the others, resulting in a large magnetic moment on the
Ti site. The opposite alignment of the polarization, pointing away from the interface,
results in a small magnetic moment on the Ti site. It was calculated that the differ-
ence in moment for the two opposite alignments reaches 0.22 µB. The first-principles
calculations revealed that this “interfacial bonding-driven” magnetoelectric coupling, as
a quite general effect, occurs in many other heterostructures, including Fe3O4/BaTiO3
[339], Co2MnSi/BaTiO3 [340], Fe/PbTiO3 [341], and Co/PbZrxTi1−xO3 [342].
Following these predictions, a large magnetoelectric effect at the Fe/BaTiO3 interface
was indeed observed recently [343]. Using the X-ray magnetic circular dichroism in com-
bination with the high-resolution electron microscopy and first-principles calculations,
an ultrathin oxidized iron layer near the interface was observed, whose magnetization
could be reversibly switched on and off at room temperature by reversing the polariza-
tion of the underlying BaTiO3 layer. An interfacially oxidized Fe monolayer is the key
to obtain a large magnetoelectric effect. The similar interfacial oxidation controlled by
electric field was also achieved in Co/GdOx bilayer via the voltage-driven O
2− migration,
and consequently a modulation of magnetism was confirmed [344].
Phenomenologically, the magnetoelectric energy term accounting of the screening
physics can be expressed as M2dP/dr or its variants. The discontinuity of polariza-
tion at a surface/interface defines a particular coefficient dP/dr, which can be giant.
This energy term is invariant under the space-inversion operation, allowing a coupling
with the even (not odd) power orders of magnetization. This coupling scenario makes a
change of magnetization near the surface/interface possible if a polarization reversal is
triggered by electric stimuli or others.
4.2.2. Electrical tuning of magnetocrystalline anisotropy
As shown in Sec. 4.1.3, a strong piezostrain effect can tune the magnetocrystalline
anisotropy. In fact, there is one more mechanism for electrically tuning the magnetocrys-
talline anisotropy, i.e. via modulation of interfacial carrier density. Since the anisotropy
determines the preferential orientation of magnetization, this mechanism is an alternative
approach to the electrical control of magnetism.
A manipulation of the magnetocrystalline anisotropy by applying an electric field has
recently been studied and realized in a number of thin films and heterostructures with
ferromagnetic-metallic interfaces (surfaces) [345–351] as well as at the interfaces (sur-
faces) of dilute magnetic semiconductors [352, 353]. Alternatively, the interfacial magne-
tocrystalline anisotropy can be more efficiently controlled by a ferroelectric polarization
from an adjacent ferroelectric film, as demonstrated by a set of ab initio studies and ex-
periments [354–357]. For example, Lukashev et al. studied BaTiO3/Fe4 multilayers and
found a big change (about 30%) of the perpendicular interfacial magnetic anisotropy en-
ergy in responding to a reversal of ferroelectric polarization of BaTiO3 [357]. In addition,
the magnetic anisotropy of manganites can be tunable by a ferroelectric polarization,
as characterized by the anisotropic magnetoresistance of manganite/ferroelectric het-
erostructures [358]. The underlying physics can be understood by analyzing the charge
density and spin-orbital-resolved density of states. A redistribution of electrons over the
3d orbitals at the interface driven by polarization reversal is responsible for the variation
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of magnetocrystalline anisotropy. As stated already, the magnetocrystalline anisotropy
is a result of the spin-orbit coupling between occupied valence bands and unoccupied
conducting bands. A modulation of orbital occupation disturbs the spin-orbit coupling
and thus the magnetocrystalline anisotropy [346].
In addition, other than traditional transition metal oxide ferroelectrics, organic ferro-
electrics have been adopted to tune the magnetocrystalline anisotropy in relevant organic
ferroelectrc/magnetic heterostructures. Several systems include poly (vinylidene fluoride)
PVDF/Co [359], PVDF/Fe [360], and 70% vinylidene fluoride with 30% trifluoroethy-
lene copolymer P(VDF-TrEE)/Co/Pd [361]. In these heterostructures, the significant
variations of magnetocrystalline anisotropy energy, driven by ferroelectric polarization
reversal, were observed, some of them even reached up to 50%. These observations shed
a new light on possibilities to utilize the magnetoelectric coupling mechanism at organic
ferroelectric/ferromagnet interfaces for flexible and cost-competitive devices.
4.2.3. Ferroelectric control of magnetic phases
In addition to the above described continuous tuning of magnetic properties, more
dramatic magnetoelectric effect can be realized in heterostructures with a ferroelec-
tric component and a magnetic correlated electronic component such as manganite
La1−xAxMnO3 (A=Ca, Sr, or Ba) (Fig. 31(c)). Correlated electronic materials show rich
phase diagrams depending on the doped carrier density, consisting of plethoric competing
phases with different resistivities, structures, and magnetic orders [362]. In particular, if
the doped carrier density is close to any phase boundary, it would be possible to realize
the switching between two phases (e.g. ferromagnetic vs antiferromagnetic) upon an ex-
ternal electric field, and therefore a gigantic magnetoelectric effect is expected. Although
the driving force is also based on the charge screening, the underlying mechanism goes
beyond the simple addition of spin-polarized carriers as in the previous two types of
mechanisms, but more relies on the doping modification of the magnetic ground state.
Indeed, dramatic magnetoelectric coupling was predicted in La0.5A0.5MnO3/BaTiO3
heterostructures by the first-principles calculations [364]. The polarization direction of
BaTiO3 was used to electrostatically modulate the hole-carrier density in La0.5A0.5MnO3
and thus the magnetism of La0.5A0.5MnO3 between the ferromagnetic state and antifer-
romagnetic state at the interface, as shown in Fig. 31(d). If the polarization points away
from the interface, An apparent upward shift of local density of states happens, imply-
ing that the electron population at the interface is reduced, corresponding to the hole
accumulation state. The opposite situation occurs if the polarization points toward the
interface, leading to a downward shift of local density of states and the hole depletion
state. Hence, the interfacial layer favors either the antiferromagnetic state (hole accumu-
lation) or ferromagnetic state (hole depletion), depending on the polarization orientation.
A large variation of magnetic moment corresponds to a large magnetoelectric effect.
Experimentally, this particular magnetoelectric coupling was confirmed in
La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 heterostructures [365–367]. The variation of mag-
netic hysteresis loop was identified by the magneto-optical Kerr measurement, in
response to the polarization switching of PbZr0.2Ti0.8O3, as shown in Fig. 31(e). A
bigger coercivity and a smaller saturated magnetization were indeed observed for the
accumulation state as compared to the depletion one. It is seen that the magnetic
reconstruction only occurs within a few atomic layers near the interface, while the rest
La1−xSrxMnO3 layers sustain a robust ferromagnetic order against the polarization
switching [368–371], in consistent with the theoretical prediction.
In parallel to the first-principles calculations, a microscopic model based on the two-
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Figure 31. (Colour online) Electro-control of interfacial magnetism. (a-b) A schematic of ferroelectric field effect.
The arrows denote ferroelectric polarization. The holes (denoted by symbol h) or electrons (denoted by symbol e)
are attracted to the interfaces upon the polarization direction. (c) A schematic phase diagram of La1−xSrxMnO3.
x: carrier density (dopant concentration); T : temperature; RT : room temperature. (a-c) Reprinted figure with
permission from S. Dong et al., Physical Review B, 88, p. 140404(R), 2013 [363]. Copyright c©(2013) by the
American Physical Society. (d) An electrically induced magnetic reconstruction at the La1−xAxMnO3/BaTiO3
interface, as proposed by the density functional calculations. Long arrows: ferroelectric polarization. Small arrows:
magnetic moment. The Mn spin order changes from the ferromagnetic (FM) state to the A-type antiferromagnetic
state (A2) in the first two interfacial layers if the polarization points away from the interface. (d) Reprinted figure
with permission from J. D. Burton et al., Physical Review B, 80, p. 174406, 2009 [364]. Copyright c©(2009) by
the American Physical Society. (e) The measured magnetoelectric hysteresis of PbZr0.2Ti0.8O3/La0.8Sr0.2MnO3
measured at 100 K. Insets show the magnetic and charge states in La0.8Sr0.2MnO3 and PbZr0.2Ti0.8O3 layers,
respectively. (e) Reprinted figure with permission from H. J. A. Molegraaf et al., Advanced Materials, 21, pp.
3470-3474, 2009 [365]. Copyright c©(2009) by the WILEY-VCH Verlag GmbH & Co. KGaA.
orbital double-exchange was once proposed in order to understand the ferroelectric
screening effect in ferroelectric/manganite heterostructures [334]. The model simulation
confirmed that the charge accumulation/depletion near the interface can drive the in-
terfacial phase transitions, giving rise to robust magnetoelectric responses and bipolar
resistive switching, in qualitative agreement with the density functional calculations.
However, The interfacial candidate phases predicted by the density functional calcula-
tions and model simulations are different: an uncompensated magnetic interfacial layer
was predicted in the first principles calculations while a compensated one was suggested
in the model simulation. A recent experiment seemed to support the compensated inter-
facial magnetism [372].
Even without ferroelectric layers, the carrier-driven ferromagnetic switching can
be achieved solely by electric field in some charge transferred heterostructures, e.g.
CaRuO3/CaMnO3 [373].
Based on this model, Dong et al. proposed a scheme to pursue a full control of mag-
netism by reversing the ferroelectric polarization in a bilayer manganite-ferroelectric
superlattice [363]. The design is sketched in Fig. 32(a). Here, two asymmetric polar in-
terfaces: one n-type and one p-type, are adopted. The n-type interface will attract more
electrons to its nearest-neighbour Mn layer, while the p-type interface will repel electrons
away from the interface. Therefore, even in absence of external ferroelectricity, the asym-
metric interfaces already impose a modulation of the electronic density distribution and
electrostatic potential within the bilayer manganite. If a ferroelectric polarization points
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Figure 32. (Colour online) Ferroelectric control of manganite magnetism.(a) A bilayered manganite-ferroelectric
junction structure. Purple: Mn; yellow: R1−xAx, green: Ba; red: O; cyan:Ti. The asymmetric n-p-type interfaces are
adopted. P : ferroelectric polarization. The magnetization of each Mn layer is indicated by arrow. (b) The proposed
mechanism of electro-control of eg density (spheres) and local potential (bars), both of which are modulated by
the asymmetric interfaces (bricks) and ferroelectric polarization (arrows). (c) An approximate phase diagram of
the bilayer manganite. Insets: the phase diagrams under the +P (left) and −P (right) states respectively. A
comparison of the two phase diagrams (insert) clearly illustrates the magnetic switching (different colors) by
ferroelectric polarization: a FM/AF switchable white region. Reprinted figure with permission from S. Dong et
al., Physical Review B, 88, p. 140404(R), 2013 [363]. Copyright c©(2013) by the American Physical Society.
to the n-type interface (the +P case), the electrostatic potential difference between the
two MnO2 layers is split, further enhancing the charge disproportion. In contrast, the
electrostatic potential from the polar interfaces will be partially or fully compensated by
a ferroelectric polarization pointing to the p-type interface (the −P case), suppressing the
electronic disproportionality, as shown in Fig. 32(b). Due to the biggest interface/volume
ratio (up to 100%) for the bilayer structure, the magnetic and electronic states of every
manganite layer can be fully controlled by the polarization. A remarkable variation in
total magnetization (up to ∼ 90%) tuned by the polarization was predicted, as shown in
Fig. 32(c).
It should be noted that the piezostrain effect and the field effect may exist simultane-
ously in many heterostructures if a ferroelectric layer instead of a pure piezoelectric layer
is used [374]. The field effect usually plays the dominant role for the cases with ultra-thin
magnetic films (e.g. a few atomic layers), while the piezostrain effect takes the place for
relatively thick magnetic films.
4.2.4. Ferroelectric-magnetic tunneling junctions
The magnetoelectric effect prominent in La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 heterostruc-
tures originates from the charge-driven interfacial magnetic transitions. Actu-
ally, an apparent variation of the in-plane conductivity in the magnetic layer
for a magnetic/ferroelectric heterostructure, upon a polarization switching in
the ferroelectric layer, is also possible and thus attractive, as demonstrated in
La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 heterostructures [366, 367, 371]. The two polarization
states enable a big variation of resistivity in La0.8Sr0.2MnO3 layer via the interfacial
mediation mechanism already discussed. In the other words, the prominent variation
in the transport behavior is driven by the ferroelectric layer, since a non-ferroelectric
capping layer (LaAlO3 or SrTiO3) makes no difference in the transport behavior of the
neighboring La0.8Sr0.2MnO3 layer from that of a bare La0.8Sr0.2MnO3 layer.
In addition to the observed in-plane conductance modulation, a tunneling electrore-
sistance effect should not be a surprise in ferroelectric junctions. In short, three critical
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Figure 33. (Colour online) A schematic diagram of a ferroelectric tunnel junction, which consists of two electrodes
separated by a nanometer-thick ferroelectric barrier layer. Egap is the energy gap. EF is the Fermi energy, V is
the applied voltage, Vc is the coercive voltage, t is the barrier thickness, and ∆t is the thickness variation driven
by an applied field. (a)-(c) The proposed mechanisms modulating the tunneling behavior in a ferroelectric tunnel
junction: (a) the electrostatic potential across a junction, (b) the interfacial bonding and (c) strain effect associated
with the piezoelectric response. From E. Y. Tsymbal et al., Science, 313, pp. 181-183, 2006 [375]. Reprinted with
permission from The American Association for the Advancement of Science.
elements for determining the interface transmission function and thus tunneling elec-
troresistance need to be concerned [375], as summarized in Fig. 33: (a) the electrostatic
potential across the junction, (b) the interface bonding strength, and (c) the strain as-
sociated with piezoelectric effect. The electrostatic effect is resulted from the incomplete
screening of polarization charges at the interface. This leads to an electrostatic potential
that are superimposed onto the contact potential in the tunnel junction, creating an
asymmetric potential profile across the two end electrodes. The interfacial effect comes
from the ferroelectric displacements at the boundary between the ferroelectric layer and
two electrodes [376]. The atomic displacements alter the orbital hybridizations at the
interface and the transmission across it [332, 377]. The strain effect originates from the
piezoelectric effect of all ferroelectrics. A piezoelectric distortion along the junction axis
deforms the transport characteristics of the barrier such as barrier thickness and atten-
uation constant.
Experimentally, a very large tunneling electroresistance effect was indeed observed
in BaTiO3 [378–380] and PbZr1−xTixO3 [381, 382] ferroelectric thin films sandwiched
with different end electrodes, using the scanning probe techniques. Garcia revealed a
giant electroresistance effect in BaTiO3/La0.67Sr0.33MnO3 ferroelectric tunnel junctions
[379]. They found that the tunnel electroresistance ratio scales exponentially with the
ferroelectric film thickness, reaching ∼ 10, 000% and ∼ 75, 000% at a thickness of 2
nm and 3 nm, respectively. These experimental findings unambiguously prove that the
ferroelectric polarization can control the tunneling electroresistance effect, supporting
earlier theoretical predictions [383, 384].
A ferroelectric junction becomes a multiferroic junction if the metallic electrodes are
magnetic, which has the capability to control both the charge and spin tunneling via the
68
January 19, 2016 1:34 Advances in Physics arXiv2
Figure 34. (Colour online) Schematic configurations of several tunnel junctions: (a) a magnetic tunnel junction, (b)
a ferroelectric tunnel junction, (c-d) two multiferroic tunnel junctions. FE: ferroelectric layer; FM: ferromagnetic
layer; I: insulator; NM: nonmagnetic layer; MF: multiferroic layer. The ferroic moments are denoted by arrows.
(a-d) Reprinted figure with permission from J. P. Velev et al., Philosophical Transactions of the Royal Society A,
369, pp. 3069-3097, 2011 [49]. Copyright c©(2011) by The Royal Society. (e-i) The measured magnetoresistive and
electroresistive behaviors of a Fe/BaTiO3/La0.67Sr0.33MnO3 multiferroic tunnel junction. (e-f) The schematic of
magnetic and ferroelectric profiles. The resistance (g) and magnetic moment (h) as a function of magnetic field.
(i) The current-voltage characteristics of the junction measured at 4 K after the upward and downward electrical
poling of the ferroelectric BaTiO3 barrier respectively. (e-i) From V. Garcia et al., Science, 327, pp. 1106-1110,
2010 [385]. Reprinted with permission from The American Association for the Advancement of Science.
ferromagnetic and ferroelectric components in the junction (Fig. 34(a-d)). It is noted that
the resistance of such a multiferroic tunnel junction can be significantly modulated when
the polarization in the ferroelectric barrier is reversed and/or when the magnetization of
electrodes is switched from the parallel alignment to the antiparallel alignment, possibly
rendering a four-state resistance device where the resistance state is controlled both by
electric field and by magnetic field [386], as sketched in Fig. 34(e-f).
The four-state resistance behavior in the SrRuO3/BaTiO3/SrRuO3 multiferroic tunnel
junctions with the asymmetric interfaces was predicted using the first-principles theory
[387]. The tunneling magnetoresistance effect has the same origin as that of ordinary
magnetic tunnel junctions. When the two electrodes are in the parallel magnetic con-
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figuration, both spin channels (the majority-spin and minority-spin) contribute to the
conductance, while the conductance is seriously suppressed for the antiparallel magnetic
configuration, similar to the mechanism for a tunneling magnetoresistance device. The
tunneling electroresistance effect originates from the asymmetric interfaces with asym-
metric potential profile upon the ferroelectric polarization switching. Subsequently, the
four-state prototype devices were fabricated and the four states were observed experimen-
tally [385, 388–390]. Figure 34(g-i) summaries the magnetoresistive and electroresistive
properties of the Fe/BaTiO3/La0.67Sr0.33MnO3 multiferroic tunnel junctions [385]. The
tunneling magnetoresistance effect (∼ −17%) was achieved by tuning the magnetization
direction of Fe and La2/3Sr1/3MnO3. A set of short voltage pulses of ±1 V triggered
the tunnel resistance (∼ 30%) in a reversible way, linked to the variation of the barrier
height.
However, these multiferroic tunnel junctions could only work at low tempera-
tures and the observed magnetoresistance ratio was much smaller than the pre-
dicted value [387]. Recently, Yin et al. fabricated La0.7Ca0.3MnO3/(Ba,Sr)TiO3 or
La0.7Sr0.3MnO3/(Ba,Sr)TiO3 multiferroic tunnel junctions [389, 391], and their junctions
showed the four resistance states and a larger magnetoresistance effect (up to ∼ 300%).
In addition, the operating temperature of their junctions can be as high as room tem-
perature since (Ba,Sr)TiO3 can sustain the ferroelectricity up to room temperature.
It is interesting to note that inserting a nanometer-thick La0.5Ca0.5MnO3 interlayer
in-between the two components in the La0.7Sr0.3MnO3/BaTiO3 ferroelectric tunnel
junction enhanced the tunnel electroresistance ratio up to ∼ 10, 000% [392]. Here,
La0.5Ca0.5MnO3 acts as a switchable magnetic layer supplemented to the ferroelectric
barrier. In fact, Burton et al. demonstrated that the magnetoelectric interaction between
BaTiO3 and La1−xSrxMnO3 magnetic electrode can generate a giant tunneling elec-
troresistance effect due to the magnetic phase transitions of La1−xSrxMnO3 [393]. This
idea was recently realized experimentally in La1−xSrxMnO3/PbZr1−xTixO3 heterostruc-
tures [394]. The ferroelectricity induced modulation at the interface ultimately results
in an enhanced electroresistance effect. Another type of multiferroic tunnel junctions
employ single phase multiferroics as the tunnel barriers. Gajek et al. first fabricated the
La2/3Sr1/3MnO3/La0.1Bi0.9MnO3/Au multiferroic tunnel junctions in which the tunnel-
ing resistance is controlled by both electric and magnetic fields [395]. In these junctions,
the tunneling magnetoresistance arises from the spin filtering effect, and the tunneling
electroresistance is related to the variation of barrier potential upon the polarization
reversal.
More details regarding the ferroelectric and multiferroic tunneling junctions can be
found in Ref. [396] by Tsymbal et al..
4.3. Electrically controllable exchange bias
The exchange bias effect is a shift of magnetic hysteresis loop away from the center
of symmetry, which has been used in a variety of magnetic storage and sensor devices
[397–399]. This effect can be understood theoretically as a spin pinning at the ferromag-
netic/antiferromagnetic interface. A control of the exchange bias utilizing magnetoelectric
coupling would provide a new path to control magnetism.
The first demonstration of the electric field controlled exchange bias was reported in
[Co/Pt]/Cr2O3 (111) heterostructures [400, 401]. Application of an electric field to Cr2O3
generates a net magnetization whose direction depends on the direction of electric field.
Subsequently, experimental studies of the exchange bias control in a number of multifer-
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Figure 35. (Colour online) Electro-control of exchange bias. (a) The magnetic hysteresis loops of
BiFeO3/La0.7Sr0.3MnO3 heterostructures measured at 7 K, upon the +/- 1 T field cooling from 350 K respectively.
The inset is a loop for a BiFeO3/SrTiO3/La0.7Sr0.3MnO3 structure, showing no exchange bias after the field cool-
ing. (b) The electric field control of exchange bias. Top panel: gate-voltage-pulse sequence used for measurements.
Middle and bottom panels: normalized exchange bias and peak resistance in response to the gate-pulse sequence
shown in the top panel. Reprinted by permission from Macmillian Publishers Ltd: S. M. Wu et al., Nature Mate-
rials, 9, p. 756-761, 2010 [408]. Copyright c©(2010). (c) The magnetic hysteresis loops of La0.7Sr0.3MnO3 before
and after the ferroelectric polarization reversal of BiFeO3. The measurement sequence is denoted by numbers and
arrows as magnetic field is swept. (d) A depiction of the interfacial spin configurations corresponding respectively
to the numbered states in (c). Reprinted figure with permission from S. M. Wu et al., Physical Review Letters,
110, p. 067202, 2013 [409]. Copyright c©(2013) by the American Physical Society.
roic materials, such as YMnO3 [402–404] and BiFeO3 [405], were reported. In particular,
Chu et al. and Be´a et al. studied the FeCo/BiFeO3 and CoFeB/BiFeO3 heterostructures
and found an apparent change of the exchange bias by tuning the electric field at room
temperature [406, 407]. A close link of the exchange bias with particular ferroelectric
domain walls in BiFeO3 was suggested [20].
The electrically controlled exchange bias was also found in BiFeO3/La0.7Sr0.3MnO3
heterostructures [411, 412]. Figure 35(a) shows the typical magnetic hysteresis loops of
BiFeO3/La0.7Sr0.3MnO3 heterostructures, exhibiting the corresponding shift after the
field cooling. This shift is due to the antiferromagnetic-ferromagnetic coupling, since it
is absent if a thin SrTiO3 layer is inserted in-between BiFeO3 and La0.7Sr0.3MnO3, as
shown in insert of Fig. 35(a). More exciting is an observation of the two distinct exchange-
bias states which can be operated reversibly by switching the ferroelectric polarization
of BiFeO3, as shown in Fig. 35(b). It is clear that the magnitude of exchange bias is
modulated by electric field switching between a high value and a low one (Fig. 35(c)),
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Figure 36. (Colour online) (a) The relationship between the Mi-O-Mj bond, oxygen displacement, and cor-
responding ~Dij vector in perovskites. (b) A schematic of the interface between the ferromagnetic and G-type
antiferromagnetic perovskites, including the oxygen octahedral tilting. (c) A homogeneous ~hD should be perpen-
dicular to ~SAFM and ~D. (d-e) A schematic of the ferroelectric polarization driven asymmetric bond angles. This
asymmetry allows a modulation of the superexchange coupling at the interface. Reprinted figure with permission
from S. Dong et al., Physical Review Letters, 103, p. 127201, 2009 [410]. Copyright c©(2009) by the American
Physical Society.
corresponding to a modulation of channel resistance and magnetic coercivity [409]. The
possible evolution of interfacial spin structure in the exchange bias process is sketched
in Fig. 35(d).
A recent work demonstrated a deterministic switching of weak ferromagnetism for
BiFeO3 at room temperature using an electric field [413]. Due to the spin canting driven
by the Dzyaloshinskii-Moriya interaction, a weak magnetization can be obtained in G-
type antiferromagnetic BiFeO3 thin films. Although a symmetry consideration asserts a
forbidden direct 180◦ switching of the Dzyaloshinskii-Moriya vector by ferroelectric po-
larization [27], a two-step switching process of the polarization can lead to the switching
of Dzyaloshinskii-Moriya vector and thus a deterministic reversal of the net magnetiza-
tion [413]. In Co0.9Fe0.1/BiFeO3 heterostructures, this magnetoelectric switching effect
can be further amplified by the magnetic exchange between ferromagnet and BiFeO3.
Namely, the ferromagnetic domains in Co0.9Fe0.1 can be tuned via this mechanism. How-
ever, no exchange bias was observed in this work, implying that the intrinsically canted
moments of BiFeO3 may not be the origin of exchange bias.
To understand the electrically controllable exchange bias, Dong et al. proposed two
(related) mechanisms respectively based on the Dzyaloshinskii-Moriya interaction and
on the ferroelectric polarization [410]. The latter mechanism should be applicable only
in (multiferroic) heterostructures with a large ferroelectric polarization, while the for-
mer one can be more general. Without losing a generality, the spin-spin interaction in
perovskites can be described by a simplified Hamiltonian (Eq. 18) including both the
superexchange and Dzyaloshinskii-Moriya interaction. This problem was once discussed
in Sec. 3.1.1. For a perovskite, the Dzyaloshinskii-Moriya vector (Dij) is perpendicular
to the Mi-O-Mj bond [91, 95], as shown in Fig. 36(a). Because of the collective tilt-
ing/rotation of oxygen octahedra, the nearest-neighbor oxygens in the same direction will
move away from the midpoint to the opposite directions, namely, the nearest-neighbor
displacements are staggered, as shown in Fig. 36(b). A combination of the two staggered
components Dij and SAFM will give rise to a homogeneous Dzyaloshinskii-Moriya effect
at the interface (Fig. 36(b-c)), which can be described by an effective Hamiltonian:
H interfaceDM =
∑
<ij>
Dij · (SFMi × SAFMj ) = −hD ·
∑
i
SFMi , (24)
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where hD can be regarded as a biased magnetic field which may be fixed by a field-cooling
process and frozen at low temperatures during the hysteresis loop measurement.
Furthermore, if one component of the heterostructure has a ferroelectric polarization
which corresponds to a uniform displacement between the cations and anions, the bond
angles at the interface become no longer symmetric. Since the magnitude of a normal
super-exchange coupling depends on the bond angle, the modulated bond angles certainly
induce a pair of staggered interfacial superexchange couplings, which are respectively
denoted as JL and JS, as shown in Fig. 36(d-e). Once again, the staggered superexchange
couplings at the interface will also induce a homogeneous biased field hJ in the presence
of G-type antiferromagnetic spin order, which is described by:
H interfaceDM =
∑
<ij>
Jij(S
FM
i · SAFMj ) = −hJ ·
∑
i
SFMi . (25)
This model on exchange bias relies on the interactions between lattice distortion and
magnetism rather than uncompensated antiferromagnetic moments anymore. Next, using
the first-principles calculations, Dong et al. chose SrRuO3/SrMnO3 heterostructures to
verify the two mechanisms [414]. In parallel, other models in terms of the domain concept
to understand this electrically controllable exchange bias were proposed [415, 416], and
the carrier-mediated screening besides the interfacial bonding coupling may also play
an important role in tuning the exchange bias since the exchanges across the interface
depend on the interfacial electronic structure.
More information on the exchange bias in BiFeO3-based heterostructures can be found
in a recent review by Yu, Chu, and Ramesh [57].
4.4. Hybrid improper ferroelectricity in superlattices
As discussed in Sec. 3.3.1-3.3.2, improper ferroelectricity can emerge as a result of a
combination of non-polar distortion modes in hexagonal RMnO3, hexagonal RFeO3,
Ca3Mn2O7, and Ca3Ti2O7. The core physics for this improper ferroelectricity as a means
of enlightening can be extended to oxide heterostructures or superlattices.
Indeed, this concept was once “created” in artificial superlattices. As mentioned, the
first work along this line was done on pure ferroelectric PbTiO3/SrTiO3 superlattices
[134], leading to the prediction of the hybrid improper ferroelectricity in Ca3Mn2O7. In
2012, Rondinelli and Fennie proposed a general design rule for improper ferroelectricity
in ABO3/A
′B′O3 superlattices [417]. The prerequisites include: 1) chemical criterion;
2) energetic criterion. According to the chemical criterion, the (ABO3)1/(A
′BO3)1 can
break the inversion symmetry but the (ABO3)1/(AB
′O3)1 cannot, since the A and B
sites have different local symmetries (see Fig. 37(a-c)). The energetic criterion defines two
cooperative primary modes of octahedral rotation: Q1 (= a
0a0c+) and Q2 (= a
−a−c0)
in the Glazer notation (see Fig. 37(d-e)). More details regarding this octahedral rotation
driven ferroelectricity in superlattices, can be found in a topical review by Benedek,
Mulder, and Fennie [418].
This design rule stems from a pure chemical and structural discussion and does not
exclude magnetism. It is thus straightforward to design multiferroic superlattices with
improper ferroelectric polarizations so long as magnetic perovskites with desired dis-
tortions are used. For example, Bristowe et al. predicted a ferromagnetic-ferroelectric
superlattice (RTiO3)1/(ATiO3)1 [419]. The charge ordering of Ti
3+-Ti4+ is responsible
for the insulating property and ferromagnetism.
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Figure 37. (Colour online) Hybrid improper ferroelectricity. (a-c) A schematic of the chemical criterion for the
collective rotation induced ferroelectricity in perovskite superlattices. (a) The inversion centers are on both the
A and B sites for bulk ABO3 perovskites. (b) For (ABO3)1/(A′BO3)1 superlattices, the inversion centers are
only on the A site. (c) For (ABO3)1/(AB′O3)1 superlattices, the inversion centers are only on the B site. Only
the (ABO3)1/(A′BO3)1 superlattices host the hybrid improper ferroelectricity since the octahedra rotations on
the B sites preserve the inversion symmetry but those on the A-sites may not. (d-e) The two primary rotational
modes Q1 and Q2. A combination of the two rotation modes produces the common tilt pattern (a−a−c+) in
orthorhombic perovskites. (a-e) Reprinted figure with permission from J. Rondinelli et al., Advanced Materials,
24, pp. 1961-1968, 2012 [417]. Copyright c©(2012) by the Wiley-Vch Verlag GmbH & Co. KGaA. (f) The calculated
polarization (P ) as a function of the number of perovskite unit cells (N) in (LaFeO3)N/(RFeO3)N (R=Nd, Gd,
Y) superlattices. The curves represent the fittings by function P1/N , where P1 is the calculated polarization for
the N = 1 superlattices. Here only the odd N cases can give rise to a finite polarization. (g) The piezoelectric force
microscopy image of (LaFeO3)5/(YFeO3)5 film. Bright areas indicate the polar domains while the dark areas are
the non-polar regions. (f-g) Reprinted figure with permission from J. Alaria et al., Chemical Science, 5, pp. 1599-
1610, 2014 [420]. Copyright c©(2014) by the Royal Society of Chemistry. (h-j) The schematic (ABO3)N/(AB′O3)N
superlattices. The arrows denote the displacements of the A site ions. (h) N = 1, where the displacements between
two neighboring layers are compensated. (i-j) N = 2, where the distortions cannot be fully compensated, giving
rise to a net polarization. Along the stacking direction, the B-site ions form the B−B−B′−B′ pattern, in analog
to the ↑↑↓↓-type antiferromagnetic order. (i) The case with a positive polarization; (j) the case with a negative
polarization. (k) The schematic Y-O-icosahedron (left), Fe-O-octahedra (middle), and Ti-O-octahedra (right) in
(YFeO3)2/(YTiO3)2 superlattices. (l-m) The point-charge model estimated individual contributions to the total
polarization, given different Ueff values in the density functional calculations, where the Fe
2+-Ti4+ pair is adopted.
(l) The insulating case; (m) the metallic case, where the total polarization can be surprisingly enhanced since the
(negative) proper ferroelectric distortions of Ti-O-octahedra are suppressed by the metallicity, while the improper
ferroelectric distortions from the Y-O-icosahedron robustly persist independent of the metallicity. (h-m) Reprinted
figure with permission from H. M. Zhang et al., Physical Review B, 91, p. 195145, 2015 [421]. Copyright c©(2015)
by the American Physical Society.
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In 2014, Alaria et al. performed a systematic investigation on (YFeO3)n/(LaFeO3)n
superlattices where n is the number of unit cells [420]. Their density functional calcula-
tions predicted that the improper ferroelectricity is indeed odd-even interleaved, namely
the polarization is nonzero only in the odd n superlattices (see Fig. 37(f)). Their experi-
mental data based on the second harmonic generation and piezoelectric force microscopy
confirmed the existence of polarization in the n = 5 superlattice (Fig. 37(g)).
Later on, Zhang et al. studied (YFeO3)n/(YTiO3)n superlattices [421]. Although this
(ABO3)1/(AB
′O3)1 type superlattice does not show ferroelectricity as expected, the
(ABO3)2/(AB
′O3)2 can be ferroelectric, which is just a complementary case to the
(ABO3)n/(A
′BO3)n superlattices (see Fig. 37(h-j)). This Z2 behavior is due to the ge-
ometric origin of hybrid improper ferroelectricity. Furthermore, in (YFeO3)n/(YTiO3)n,
a complete electron transfer from Ti3+ to Fe3+ implies that the ferroelectricity in the
n = 2 superlattice can also contain the (negative) contribution from Ti4+ which is a
proper ferroelectric active ion (Fig. 37(k)). In Zhang et al.’s calculations, the metallicity
can suppress this proper ferroelectric component while the improper ferroelectric part
remains less affected, rendering enhanced total ferroelectric distortion (see Fig. 37(l-m)).
This so-called ferroelectric metal, unusual in bulk crystals, may be obtained with a careful
design of the charge-transferred perovskite superlattices [422, 423].
In addition, charge transfer in pure magnetic superlattices without any ferroelectric-
active element, e.g. NdMnO3/SrMnO3/LaMnO3, can contribute an unconventional
polarization. The asymmetric charge transfer across the NdMnO3/SrMnO3 and
SrMnO3/LaMnO3 interfaces benefits to the ionic displacements, giving rise to electric
dipoles. These dipoles can be reversed although the two opposite states are not fully
symmetric according to the density functional calculations and symmetry analysis. Since
the charge transfer is naturally magnetic-ordering dependent, the electric dipoles in this
superlattice are correlated with magnetism, even though this magnetoelectric coupling
is not directly magnetism-driven [424].
4.5. Magnetoelectricity at domain walls
We highlight an issue related to domain walls in the end of this section. It is known
that ferroic materials usually accommodate domain structure, giving rise to domain
walls which may be treated as “spontaneous” interfaces besides “artificial” interfaces
generated in heterostructures. Although a ferroic order certainly breaks a particular
symmetry, domain structure usually emerges as the residual fingerprints of symmetry. In
multiferroics, ferroelectric domains are often clamped with magnetic domains, rendering
one more manifestation of magnetoelectricity. However, the significance of domain walls
may not be prominent in bulk multiferroics, whereas it can be outshot in the utmost
sense in heterostructures and thin films due to the dimensionality confinement and easy
controllability of domain walls.
In fact, as early as 2002, using the second harmonic generation, Fiebig et al. observed
the coupled antiferromagnetic and ferroelectric domains in hexagonal YMnO3 platelets
[15]. This phenomenon allows a possibility to control the magnetic phase by electric field
in hexagonal HoMnO3 [14]. The bridge linking the ferroelectric domains and antiferro-
magnetic domains is the magneto-elastic (spin-lattice) coupling [126].
The similar coupling effects were observed also in BiFeO3 [425]. It is known that the
easy-plane of Fe magnetic moment is perpendicular to the ferroelectric polarization, as
mediated by the Dzyaloshinskii-Moriya interaction [27]. For BiFeO3, the eight polariza-
tion directions, i.e. the eight < 111 > axes in the pseudocubic framework allow the 71◦
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and 109◦ rotations of ferroelectric polarization. If the magnetic easy plane of a local mag-
netic domain keeps perpendicular to the polarization of the linked ferroelectric domain, a
net magnetization is inevitably generated at the ferroelectric domain walls, implying the
domain wall magnetoelectricity. Furthermore, this net magnetization can be coupled with
the neighboring ferromagnetic layer in heterostructures, which can magnify the domain
wall magnetoelectricity.
In particular, Chu et al. demonstrated that the ferromagnetic domain structure of
Co0.9Fe0.1 can be controlled by an electrical field applied to the underlying BiFeO3
layer [406]. The one-to-one correspondence between the ferroelectric domains and anti-
ferromagnetic domains in BiFeO3 makes a control of magnetism via domain engineering
possible. Because the ferroelectric domain pattern can be controlled during the growth
process, a well-ordered 2-variant striped domain structure with solely the 71◦ or 109◦
domain walls in BiFeO3 films deposited on (110) DyScO3 substrates can be obtained
[426].
On the other hand, it was demonstrated that different ferroelectric domain patterns
in BiFeO3 can be obtained by controlling the growth rate, leading to the stripe-like
domains (at low growth rates) vs. the mosaic-like domains (at high growth rates). The
former favors the 71◦ domain walls while dominant 109◦ domain walls are observed in
the latter case. Using this technique, Martin et al. found a direct correlation between the
domain structure and exchange bias of Co0.9Fe0.1/BiFeO3 heterostructures [20], i.e. the
magnitude of exchange bias is linearly proportional to the length of 109◦ domain walls.
In fact, the domain walls in BiFeO3 offer a set of novel phenomena. For example, the
domain walls can be more conductive than the domains [427–429]. Interestingly, more
insulating domain walls in hexagonal YMnO3 [123] and strained perovskite SrMnO3
[430] were reported. The enhanced electrical conductivity in the ferroelectric vortex cores
(the cross points of multiple domain walls) of BiFeO3 films was also observed [431]. The
underlying mechanism may be a ferroelectricity-related tuning of the bandgap at domain
walls [432], or defects trapped at the domain walls [428]. The domain walls in BiFeO3
films can be even a key player for anomalous photovoltaic effect with high open circuit
voltages [433, 434]. A more detailed discussion on domain structures in hexagonal RMnO3
will be given in Sec. 5.3 below, concentrating on the nontrivial topology.
Theoretically, Daraktchiev, Catalan, and Scott once developed a Landau theory of the
domain wall magnetoelectricity [435]. In addition to the conventional free energy terms
like P 2, P 4, M2, M4, and P 2M2, a term e.g. (∇P )2 and (∇M)2 is added to account
for the contribution from the domain walls. They predicted an enhancement in the local
magnetization near a ferroelectric domain wall. Of course, their phenomenological theory
is somewhat over-simplified, e.g. using the ferromagnetic order parameter instead of the
antiferromagnetic order parameter. An application of this prediction to, e.g. the antifer-
romagnetic BiFeO3, may not be assured. Even though, a neutron scattering experiment
on hexagonal HoMnO3 indeed found that electric field can influence the uncompensated
magnetization at the antiferromagnetic domain walls [436].
At the same time, a theoretical attempt on the domain wall magnetoelectricity in
PbTiO3/LaAlO3 heterostructures was made [437], where the extra carriers (from the
polar-discontinuous interfaces) confined in ferroelectric PbTiO3 layer can stabilize the
head-to-head domain walls (or tail-to-tail walls depending on the carrier type). Conse-
quently, electrons will stay around the head-to-head domain walls, contributing a spon-
taneous magnetic moment. In this case, the magnetoelectric coupling energy should be
written as (∇·P)M2, similar to the aforementioned field-induced magnetoelectric effect.
Furthermore, phase-field method has been proven to be powerful to simulate the ferro-
electric phase transitions and related domain structures [438], supplementary to many
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experimental works. By considering more ingredients associated with the magnetoelec-
tric couplings, the domain wall magnetoelectricity should be an interesting issue to be
investigated using the phase-field method [439, 440].
5. Magnetoelectric topology: monopole & vortex
Recent years, a pleasing progress aside the main streams of multiferroic discipline, has
been a profit of the intimate interaction of multiferroicity and magnetoelectricity with
other highly concerned disciplines such as topological physics. In fact, attention to topol-
ogy in condensed matter physics has been intensively stimulated in recent years, not
only due to the predictions and observations of topological insulators, topological super-
conductors, and Weyl semimetals etc. A key advantage of the topological materials is
that some of the particular physical properties are protected by the intrinsic topology.
Since topology as a mathematical and geometrical concept can be characterized by a
set of discrete topological numbers instead of continuous order parameters, the affiliated
physical properties are robust against weak disturbances [441–443].
In fact, topological electronic states in some specific condensed matters were first dis-
covered to be responsible for quantum Hall effect. The flat Landau levels make a two-
dimensional electronic gas to be “insulating” since a gap is opened between the Landau
levels. However, the quantized conductance persists due to the edge transport, which is
robust against impurity scattering. This metallic edge state originates from the nontriv-
ial topology of Landau bands, which can be characterized by the first Chern numbers
and are originated from the Berry’s phase [444]. The topological insulator state is a new
manifestation of topological bands, in which the spin-orbit coupling plays the similar role
as the magnetic vector potential in the quantum hall effect. In addition, the (quantum)
anomalous Hall effect is also a topological consequence [445].
In fact, the concept of topology is not strange in condensed matter physics. It is either
not limited to nontrivial topological band structures. Real space topology phenomena are
widely observable in condensed matters. For examples, topological “particles”/“defects”
in magnetoelectric materials have been well demonstrated, all of which can be visualized
in real space instead of momentum space. Of course, the momentum space topology
can also result in topological magnetoelectric surface states, which has been recently
evidenced in topological insulators.
In this section, we concentrate on those conceptual and observed topological phenom-
ena associated with multiferroicity and magnetoelectric coupling, and in some cases those
topological structures in proper ferroelectrics will also be briefly discussed. Nevertheless,
a comprehensive overview may be still too early since this frontier field is still under
rapid developing.
5.1. Monopole
5.1.1. Magnetoelectric response of monopole
According to the Maxwell equations, a magnetic monopole as a counterpart of charge is
expected, both of which are the topological “defects” of electromagnetic field. However,
real magnetic monopole as an elementary particle has not yet been confirmed so far.
In condensed matter physics, the concept of monopole can be used to explain some
particular spin patterns. As shown in Fig. 38, a monopole stands for a magnetic texture
with divergent orientations of spins, while an anti-monopole denotes the texture with
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Figure 38. (Colour online) Magnetic vortex and magnetoelectricity. (a) A magnetic vortex (monopole). Thin solid
arrows: spins; thick open arrows: local electric dipoles. (b) A vortex distorted by a magnetic field (H). A net po-
larization P in parallel or antiparallel to magnetic field H is induced by distorting the spin texture and associated
local dipole texture. (c) A magnetic vortex with a toroidal moment. (d) A net polarization perpendicular to field
H is induced for a toroidal vortex. In summary, although an ideal monopole or an ideal toroidal spin texture is
non-ferroelectric, they have a linear magnetoelectric response. (a-d) Reprinted figure with permission from K. T.
Delaney et al., Physical Review Letters, 102, p. 157203, 2009 [446]. Copyright c©(2009) by the American Phys-
ical Society. (e) A collinear antiferromagnetic spin pair can be decomposed into a monopolar contribution and
a quadrupolar contribution. (f-g) A monopolization calculation for two different one-dimensional antiferromag-
netic chains. The unit cell is indicated by the shaded areas. (f) A non-monopolar state, which is space-inversion
symmetric with respect to each moment site. (g) A monopolar state in which the space-inversion symmetry with
respect to each moment site is broken. (e-g) Reprinted figure with permission from N. A. Spaldin et al., Physical
Review B, 88, p. 094429, 2013 [447]. Copyright c©(2013) by the American Physical Society.
convergent spins orientations.
In 2009, Delaney, Mostovoy, and Spaldin demonstrated an unusually large linear mag-
netoelectric response of magnetic vortices coupled to a distorted polar lattice via superex-
change [446]. A magnetic vortex can be a monopole-type or toroidal-type. An ideal vortex
with uniform angles between the nearest neighbor magnetic moments does not imply a
finite electric polarization due to the inter-cancellation. However, the magnetic texture
of a vortex can be distorted by an external magnetic field, and thus a net electric polar-
ization is generated due to the nonuniform angles between the nearest neighbor magnetic
moments. For a monopole-type vortex, such a local polarization is parallel to magnetic
field, implying a diagonal magnetoelectric tensor. In contrast, the induced electric po-
larization is perpendicular to the magnetic field for the toroidal-type vortex, implying
an anti-symmetric magnetoelectric tensor, as found in spin glass system NixMn1−xTiO3
[448].
The reversal process is also available for these vortices. In a mechanism similar to the
electromagnons in TbMnO3, an external electric field can distort the ionic bonds and
thus modulate the inter-spin exchanges. Consequently, the spin configuration may be
distorted, yielding a large linear magnetoelectric response. Theoretically, such a magne-
toelectric response for a monopole-type magnetic texture can be formalized by accounting
the macroscopic monopolization, which is not limited to noncollinear spin texture. The
order parameter A for a monopolization can couple with polarization and magnetization
(AP ·M) [447]. Similarly, the toroidal-like magnetoelectric energy can be expressed as
T · (P×M) where T is a coefficient breaking both the time-reversal and space-inversion
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Figure 39. (Colour online) The local electric dipoles (green arrows) induced by magnetostriction mechanism in
triangle/tetrahedron lattices. Black circles: cations with spins (red arrows); green circles: anions. (a) The 3-in spin
configuration with symmetric oxygen locations and equivalent bonds. (b) The 2-in-1-out spin configuration with
asymmetric oxygen locations. An electric dipole is induced. (c) The 4-in spin configuration. (d) The 2-in-2-out spin
ice configuration. (e) The 3-in-1-out configuration (monopole). (f) The 1-in-3-out configuration (antimonopole).
The local dipoles appear in cases (e, f) where dipoles align along the same direction, but no dipole is present in
cases (c, d). Reprinted by permission from Macmillian Publishers Ltd: D. I. Khomskii, Nature Communications,
3, pp. 904, 2012 [451]. Copyright c©(2012).
symmetries.
5.1.2. Monopole excitation in spin ices
An ideal candidate for demonstrating magnetic monopoles is the pyrochlorite family with
spin ice texture, e.g. Dy2Ti2O7 and Ho2Ti2O7 [449]. As shown in Fig. 39, the corner-
shared 4f magnetic moments form the 2-in-2-out configuration for each tetrahedron at
low temperature, which is called the ice-rule [450]. This particular spin texture is a
consequence of the strong single-axis anisotropy and frustrated exchanges. However, the
spin configuration is not unique under this ice rule, leaving a macroscopic degeneracy,
namely there are many possible configurations fulfilling the 2-in-2-out rule. A nonzero
entropy is thus expected in these spin ice pyrochlorites even at the lowest temperature.
The 2-in-2-out spin texture can be thermally excited to the 3-in-1-out plus 1-in-3-out
pair, and this pair may be spatially separated with nearly no energy cost. The higher level
excitation is the 4-in and 4-out pair. All these excitations own divergent (or convergent)
orientations of magnetic moments, which are accessible using the monopole (or anti-
monopole) language [452–454].
In 2012, Khomskii proposed that a monopole may carry a magnetic charge and thus a
finite electric dipole, just like an electron with an electric charge and a magnetic dipole
[451]. The underlying mechanism is similar to the theory proposed by Delaney, Mostovoy,
and Spaldin [446]. The 4-in/4-out/2-in-2-out configurations are highly symmetric and do
not generate a net dipole, but the 3-in-1-out and 1-in-3-out configurations can do via
the exchange striction. The magnitude of charge transfer into/out a tetrahedron (i.e. the
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local dipole) can be expressed as [451]:
n ∼ S1 · (S2 + S3 + S4)− (S2 · S3 + S2 · S4 + S3 · S4), (26)
which aligns along the 1-in (or 1-out) direction, as shown in Fig. 39. According to this
equation, the 180◦ flops of all the four spins will not change the dipole, although the
local net magnetization is flopped (3-in-1-out ↔ 1-in-3-out). In this sense, although the
electric dipole is magnetism-driven, it may be robust against external magnetic field
along the [111] direction. At a finite temperature (not too high) or under a magnetic
field, the 3-in-1-out/1-in-3-out monopoles/anti-monopoles always exist, carrying local
electric dipoles. These dipoles can be polarized by an electric field, and a magnetic field
along various orientations except the [111]-axis surely can modulate these dipoles, i.e.
magnetoelectricity.
Experimental evidences of the magnetoelectricity in spin ice systems include the di-
electric anomalies in Dy2Ti2O7 [455] and pyroelectricity in Ho2Ti2O7 and Dy2Ti2O7
[456, 457]. The measured pyroelectric polarizations emerge at several systems but fur-
ther confirmation is needed. Conversely, the multiferroicity offers a promising mechanism
to control topological magnetism in spin ice pyrochlorites [457, 458]. A major issue is the
electric dipole ordering in these spin ice systems, which has not yet obtained sufficient
evidences.
5.2. Skyrmion
Skyrmion was first proposed as an elementary particle. In 1980s, Bogdanov and Yablon-
skii started from a theoretical magnetic model and proposed a picture of magnetic
skyrmion [459]. Skyrmion is a special twist of magnetic moments with a non-coplanar
pattern (Fig. 40(a-c)), where the directions of all the spins in a skyrmion can be mapped
onto a sphere surface (Fig. 40(d-e)). An intuition view of a two-dimensional skyrmion is
that the outer spins point up (down) and the most inner spins point down (up), while
an outer-inner transition is via the continuous rotation of spins in the three-dimensional
space, as sketched in Fig. 40(c). The topological number to characterize a skyrmion in a
two-dimensional space can be defined by:
Nsk =
1
4pi
∫ ∫
M · (∂M
∂x
× ∂M
∂y
)d2r (27)
where vector M denotes the magnetic orientation, r(x, y) is the space vector. The number
Nsk counts how many skyrmions (or anti-skyrmions) in a given area. One skyrmion
corresponds to a topological number +1, while one anti-skyrmion gives −1. Skyrmions
in solids can be observed using neutron scattering [460], Lorentz transmission electron
microscopy [461], and spin-resolved scanning tunneling microscopy [462, 463] etc. More
detailed description on skyrmions can be found in recent reviews by Nagaosa et al.
[464, 465].
There is a common ingredient of physics between skyrmion and some type-II multifer-
roics: noncollinear spin textures with chirality. In fact, for many real skyrmion materials,
the skyrmion order evolves from a spiral spin order upon a moderate magnetic field.
Furthermore, the noncoplanar spin texture of a skyrmion can be decomposed into three
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Figure 40. (Colour online) Skyrmion and magnetoelectricity. (a-b) The observed spin texture in a helical magnet
(Fe0.5Co0.5Si). (a) The helical structure under zero magnetic field; (b) The skyrmions under a weak magnetic
field. The colour map and arrows denote the local magnetization directions. (c) A schematic of the spin texture
in a skyrmion. (a-c) Reprinted by permission from Macmillian Publishers Ltd: X. Z. Yu, et al., Nature, 465, pp.
901-904, 2010 [461]. Copyright c©(2010). (d-e) The spin texture of a skyrmion shown in (c) can be mapped to a
hairy sphere (d) or a vortex (e). They are topologically equivalent. (d-e) Reprinted by permission from Macmillian
Publishers Ltd: C. Pfleiderer, Nature Physics, 7, pp. 673-674, 2011 [466]. Copyright c©(2011). (f-g) The magnetic
phase diagram of Cu2OSeO3 in (f) bulk form and (g) thin-film form. Similar to many helical magnets, the
helical spin structure in Cu2OSeO3 transits to the skyrmion phase upon a weak magnetic field. However, different
from most other metallic helical magnets, Cu2OSeO3 is an insulator which can have a microscopic ferroelectric
polarization. (f-g) From S. Seki et al., Science, 336, pp. 198-201, 2012 [467]. Reprinted with permission from The
American Association for the Advancement of Science. (h) A two-dimensional skyrmion spin texture which can
be constructed using three spirals with 120◦ angles between two wavevectors.
spirals (Fig. 40(h)) [460, 465]:
M ≈M0 +
3∑
i=1
MQi(r), (28)
where M0 is the uniform background. The spiral components can be written as:
MQi(r) = M
0
Qi
[cos(Qi · r + φi) + sin(Qi · r + φi)], (29)
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Figure 41. (Colour online) Simulated snapshot dielectric permittivity (real part R(ω)) patterns of a two-
dimensional skyrmion lattice (in the x − y plane). The AC electric field is along (a-c) the y-axis, (d) the x − y-
diagonal-axis, (e) the x-axis, and (f) the z-axis. The AC frequency is respectively (a) 30, (b) 2, and (c-f) 0.2, in
unit of τ−1 which is determined by magnetic coefficients. Reprinted by permission from Macmillian Publishers
Ltd: P. Chu et al., Scientific Reports, 5, p. 8318, 2015 [470]. Copyright c©(2015).
where
∑3
i=1 Qi = 0.
In addition, some multiferroic oxides with frustrated exchanges, e.g. Cu2OSeO3, do
favor a skyrmion phase in a finite temperature region (see Fig. 40(f-g) for its phase
diagrams) [467, 468]. Nevertheless, different from most skyrmion materials which are
metallic, Cu2OSeO3 is an insulator and thus can have a spontaneous ferroelectric polar-
ization, not driven by the long wavelength noncollinear spin order but the single-spin-site
contribution due to the spin-orbit coupling [469].
The size of a skyrmion quasi-particle can vary from several nanometers to hundreds
nanometers. For most cases, the size depends on the ratio between the Dzyaloshinskii-
Moriya interaction and the normal exchanges. The atomic size skyrmion was identified
in Fe monolayer deposited on (111) Ir, which is driven by a mechanism beyond the con-
ventional physics based on the weak Dzyaloshinskii-Moriya interaction [462]. Because
of such a small skyrmion size, the topological skyrmion number may not be exactly an
integer since the spatial modulation of spin moments cannot be quasi-continuous but
discrete. Even though, the strong noncollinear (in fact noncoplanar) spin texture in this
case will be an very interesting playground to host magnetoelectric phenomena. For ex-
ample, the noncollinear spin pairs between the nearest-neighbor sites will generate a
local electric dipole according to the spin current model. Based on this idea, Chu et
al. performed a simulation to show that the skyrmion lattice can be visualized using a
microwave-frequency dielectric detection technique (see Fig. 41), which may provide an
alternative method to monitor skyrmions in a noncollinear multiferroic [470]. In fact,
experimentally, Okamura et al. observed the microwave magnetoelectric effect via the
skyrmion resonance modes with oscillating magnetic field at a frequency of 1− 2 GHz in
Cu2OSeO3 [471]. The nonreciprocal directional dichroism was also revealed at the reso-
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nant mode, i.e. oppositely propagating microwaves exhibit different absorptions, similar
to the electromagnon excitations driven by the spin-orbit coupling in Eu0.55Y0.45MnO3.
Furthermore, White et al. showed that electric field could control the skyrmion lattice
rotations in Cu2OSeO3 due to an electric-field-induced skyrmion distortion [472]. Thus,
the intrinsic magnetoelectric coupling in a skyrmion lattice can provide an alternative
manipulation concept rather than the traditional spin-transfer torques.
5.3. Ferroelectric domain vortex in hexagonal RMnO3
Besides skyrmion as a real space topological particle (defect), other topological defects
are possible in ferroelectrics. A recent hot topic is ferroelectric domain vortex as first
observed and then well investigated in hexagonal RMnO3 (R=Y, Ho, Lu, ......). In 2010,
Choi et al. reported an interlocked ferroelectric and structural antiphase domain struc-
ture in multiferroic YMnO3 [123]. As discussed in Sec. 3.3.1, the structural trimerization
(so-called K3 mode distortion) of Mn triangles gives rise to three types of ferroelec-
tric/antiphase domains: α, β, γ, which break the 60◦ rotation symmetry of hexagonal
lattice. The ferroelectric polarization, which is also a result of trimerization, comes from
the ↑ − ↑ − ↓ shifts of the R spin trimers and aligns along the c-axis (+ or −). This con-
figuration breaks an additional space inversion symmetry. Thus, the ferroelectric state
belongs to the the Z3 × Z2 group, resulting in the cloverleaf pattern of six domains
emerging from one point, as shown in Fig. 42.
For a sample grown below the ferroelectric Curie temperature, the trimerization in-
duced ferroelectric domains can be in stripe-like pattern [473]. In contrast, if the sample
is grown above the ferroelectric Curie temperature, the vortex patterns due to the struc-
tural trimerization appear above the ferroelectric Curie temperature. When temperature
passes across the ferroelectric Curie point, these vortex patterns interlock the ferroelectric
domains, leading to a frozen domain structure during the quenching process. Around the
center point of six domains, the domain circling sequence restricted by very high energy
barriers is always α+−β−−γ+−α−−β+−γ− or α+−γ−−β+−α−−γ+−β−, corre-
sponding to a vortex or an anti-vortex, respectively. The cloverleaf domains, or namely
the vortex structure, is robust against thermal fluctuations over high temperature.
Theoretically, the complex topological ferroelectric domain structures can be under-
stood in the framework of Landau theory with the help of density functional calculations
[475]. The clamping between the polarization domains and structural antiphase domains
can be understood by a nonlinear coupling between structural trimerization (character-
ized by the amplitude QK3 and phase Φ) and polarization along the z-axis (Pz):
ftrimer ∼ −Q3K3Pz cos(3Φ) (30)
where ftrimer denotes the free energy term. Given a distortion mode, a spontaneous
ferroelectric polarization is generated. To lower the energy, the preferred Φ values are:
0, ±pi/3, ±2pi/3, and pi. In other words, six structural antiphase domains will be formed
if a trimerization appears (QK3 > 0), giving six Φ values, as sketched in Fig. 43(a). For
Φ = 0 and ±pi/3, the polarization should align upward, and it would align downward for
Φ = ±2pi/3 and pi.
Considering the other energy terms and proper coefficients extracted from the density
functional calculations, the energy landscape in the (QK3 , Φ) plane is indeed a Mexican
hat shape like with six minima (six preferred Φ values), as sketched in Fig. 43(b). The
direct paths connecting any two nearest-neighbor minima give the lowest energy barriers
comparing with other paths connecting the non-nearest-neighbor minima. Therefore,
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Figure 42. (Colour online) Vortex domain structure in hexagonal RMnO3. (a) A dark-field transmission electron
microscopic image (R=Y). The six structural antiphase domains emerge from one central point (so-called vortex
core), ordered in the α−β−γ−α−β−γ− sequence. (b) A transmission electron microscopic image of an almost
fully electric-poled region. The three domains of negative ferroelectric polarizations become seriously shrunk into
narrow stripes but cannot be completely melted away due to the robustness of the domain walls, demonstrating
that the vortex core is topologically protected. (c) A schematic of the evolution of a cloverleaf ferroelectric domain
driven by a downward electric field E. Arrow E denotes the electric field, arrow Q refers to a quenching and
arrow SC refers to a slow cooling, both from high temperature (above the ferroelectric Curie temperature). (a-c)
Reprinted by permission from Macmillian Publishers Ltd: T. Choi, et al., Nature Materials, 9, pp. 253-258, 2010
[123]. Copyright c©(2010). (d) A piezoelectric force microscope image of ErMnO3. (e-h) The representation of
domain structure using the famous four-color theorem. The α, β, and γ regions are colored using three colors:
red, blue, and green. The two directions of polarization up (face) and polarization down (edge) are distinguished
by normal colors and light colors. (d) Reprinted figure with permission from S. C. Chae et al., Physical Review
Letters, 108, p. 167603, 2012 [473]. Copyright c©(2012) by the American Physical Society. (e) All adjacent edges
or faces have different colors. Inset: an enlarged view of the pink rectangle area. (f-h) The schematic two-, four-,
and six-gons with one, two, and three vortex-antivortex pairs, respectively. Insets: the corresponding real examples
imaged using an optical microscope. (e-h) Reprinted figure with permission from S. C. Chae et al., Proceedings
of the National Academy of Sciences of the United States of America, 107, pp. 21366-21370, 2010 [474] Copyright
c©(2010) by the National Academy of Sciences.
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Figure 43. (Colour online) Structural trimerization & energy landscape of topological domain structure. (a) A
schematic of a structural trimer domain. The six domains are distinguished by a phase Φ of the K3 mode distortion.
An anticlockwise rotation around the vortex core gives rise to a pi/3 phase step across each domain wall. P: local
polarization along the c-axis (perpendicular to the plane). Arrows indicate the direction of partial apical oxygen
motion of the trimer distortions. Reprinted by permission from Macmillian Publishers Ltd: H. Das et al., Nature
Communications, 5, p. 2998, 2014 [132]. Copyright c©(2014). (b) A contour plot of the free energy for uniformly
trimerized states as a function of trimerization (amplitude Q and phase Φ). The six lowest energy positions (Φ = 0,
±pi/3, ±2pi/3, pi) correspond to the six domains. The lowest-energy structural domain wall is marked using the
white dashed line, connecting two neighbouring energy minima with a phase shift ∆Φ± pi/3. Due to the Mexican
hat shape-like potential well, any domain wall beyond ∆Φ±pi/3 is much higher in energy and thus unstable against
the spontaneous decomposition into multi-domain walls. Reprinted by permission from Macmillian Publishers Ltd:
S. Artyukhin, et al., Nature Materials, 13, pp. 42-49, 2014 [475]. Copyright c©(2014).
parameter Φ across any domain wall must be stepped by ±pi/3, while all domain walls
with other steps (±2pi/3 and pi) are much higher in energy and will decay to multiple
domain walls with a ±pi/3 step. In this sense, once a cloverleaf vortex emerges, its six
domain walls cannot merge to change the sequence of domains. Of course, these domain
walls can terminate at the surface or an anti-vortex, leading to the vortex-antivortex
pairs connected by domain wall strings [123].
Experimentally, an electric field polarizes a ferroelectric polarization via domain wall
shifting (expanding the aligned domains and shrinking the opposite domains) [123]. Nev-
ertheless, a vortex/antivortex core cannot be annihilated individually until a dielectric
breakdown, as shown in Fig. 42(b-c) [123, 477]. Even though, a shear strain can impose
a Magnus-type force which pulls vortices and antivortices in opposite directions and un-
folds them into a topological stripe domain state [478], analogous to the current-driven
dynamics of vortices in superconductors and superfluids. In addition, the annihilation be-
tween a vortex and an anti-vortex is possible [474], analogous to the annihilation between
an elementary particle/antiparticle.
In hexagonal ErMnO3 where Er
3+ is magnetic, magnetic signals from these domain
walls were observed at low temperature [479]. Although these signals directly originate
from the Er3+ spins, they depend on Mn antiferromagnetic structure, implying that the
Mn antiferromagnetic domains are also clamped to the structural-antiphase/ferroelectric
domains, a manifestation of the domain wall magnetoelectricity.
Besides this domain wall magnetoelectricity, the bulk magnetoelectric effect in hexago-
nal RMnO3/RFeO3 mediated by the Dzyaloshinskii-Moriya interaction may be possible,
if the Mn/Fe magnetic order take the so-called A2 pattern (see Fig. 11) [132]. However,
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Figure 44. (Colour online) Magnetoelectric domain structure of a hexagonal ErMnO3 single crystal. (a) A room-
temperature piezo-response force microscopy image. The white and dark colors denote the up and down ferroelectric
polarizations, respectively. (b-c) The low-temperature (4 K) magnetoelectric force microscopy images: (b) at zero
magnetic field and (c) at a magnetic field of 8 T. The images in (a-c) were taken at the same location on the (001)
surface. (d) A cartoon listing the magnetoelectric coefficient (α) of the A2 phase in different ferroelectric domains.
It is clear that the sign of α changes with polarization Pz although the canted magnetic moment M is positive
in all domains. (e) A cartoon showing the effective magnetoelectric coupling through structural trimerization. (f)
Cartoons showing a variation of the buckling of MnO5 polyhedra (trimer mode QK3 ) induced by electric fields via
polarization component Pz , resulting in a variation of the canted moment Mz of Mn spins. Reprinted by permission
from Macmillian Publishers Ltd: Y. Geng et al., Nature Materials, 13, pp. 163-167, 2014 [476]. Copyright c©(2014).
for many hexagonal RMnO3 materials, e.g. ErMnO3, the magnetic ground state is the
B2 pattern (see Fig. 11), which forbids any bulk magnetoelectricity. Even though, a mag-
netic field can drive the transition of magnetic state to the A2 pattern. In this case, the
magnetoelectric domains (not the magnetic domains but defined by the magnetoelectric
coefficient) can be visualized, as demonstrated in ErMnO3, where the magnetoelectric
domains are clamped to the structural-antiphase domains mentioned above (see Fig. 44
for more details) [476].
Finally, it is noted that ferroelectric vortices have also been observed and simulated in
BiFeO3 films and heterostructures besides RMnO3 [431, 480].
5.4. Magnetoelectricity of topological surface state
In condensed matter physics, a phase of matter can be defined by its response to some
stimuli. The electromagnetic Lagrangian of a topological insulator, which has a form
analogous to the theory of axion electrodynamics, contains a scalar product of electric
field and magnetic field, E · B [481, 482]. This linear magnetoelectric term can gener-
ate a number of novel physical phenomena, e.g. monopole-like behavior. Regarding the
magnetoelectric effect, an electric field can induce a magnetic dipole and vice versa. This
magnetoelectric effect purely originates from the orbital motion of electrons, which can
be highly sensitive and reproducible without fatigue.
Such an intrinsic magnetoelectric effect can be intuitively visualized using a theoretical
scenario. Although the Z2 topological insulators are in principle nonmagnetic, the surface
state hides the intrinsic noncollinear spin texture in moment space, e.g. the spin rotates
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around the surface Dirac cone. This coupling is glued by the spin-orbit coupling and no
net magnetic moment is available by integrating the whole surface state. Nevertheless,
an electric field will shift the Dirac surface state to one momentum direction a little bit,
resulting in a change of the Fermi surface. Since this surface state is spin-momentum-
bound, a net magnetization will be generated, implying an intrinsic linear magnetoelectric
response [483, 484].
In addition, Qi et al. predicted a mirror magnetic monopole which can be gener-
ated in a topological insulator by a charge near the surface [485]. Experimentally, the
magnetic order and magnetoresistance of a magnetic ion doped topological insulator
(Cr0.15(Bi0.1Sb0.9)1.85Te3) can be tuned using electrical method [486].
6. Summary & Perspective
We summarized the great progress on multiferroicity and magnetoelectricity in the past
decade by presenting not only a series of new physical concepts and experimental findings
but also discovery of a large number of multiferroic materials. This progress clearly shows
that multiferroicity and magnetoelectricity is one of the hot topics in condensed matter
physics. Even though the progress by the multiferroic research community is profound, it
seems that more questions and challenges are continuously emerging, which on the other
hand act as the driving force for future research. Therefore, a perspective rather than a
conclusive summary may be more appropriate.
6.1. Relook on multiferroicity & magnetoelectricity
In this article, almost each plane of the polyhedron of magnetoelectricity and multifer-
roicity have been reviewed. Now it is time to give a summary on this divergent discipline,
based on the fundamental physics.
First, we give an overlook on multiferroic materials. On one hand, since in most cases
the origin of magnetic moments is solely from spins, multiferroics are basically classified
according to the different sources for electric dipoles, which has been widely adopted
[40, 43]. On the other hand, it is widely recognized that the multiple degrees of freedom
(spin, lattice, orbital, and charge) are all active in these multiferroic systems. Thus, one
may categorize all the multiferroics according to the driving force for ferroelectricity, as
shown in Table 1, where only a few representative materials are listed as examples in each
category. It should be noted that this classification is not rigorous since the ferroelectricity
in real materials may have multiple contributions, as introduced in Sec. 3.5. It should
be noted that there are still debates on the ferroelectricity driven by charge-ordering.
It is curious that no multiferroics whose ferroelectricity is driven by orbital degree of
freedom have been demonstrated. In some multiferroics, the orbital degree of freedom
does play a crucial role but not the leading force to break the space inversion symmetry.
This “deficiency” certainly deserves further investigations, and those systems of strong
orbital ordering should be concerned.
Second, besides the single phase multiferroics, magnetoelectricity may be available in
non-multiferroic systems. The involved physics can be even more complicated. In accor-
dance with the style of Table 1, we present a rough classification according to the main
driving forces, as shown in Table 2. It is seen that the manifestation of magnetoelectricity
can be quite divergent due to the multiple physical couplings among various degrees of
freedom. The orbital, e.g. the “circular”-like movement of electrons, can contribute to
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Figure 45. (Colour online) A brief summary of ferroelectricity [(a) Curie temperature and (b) polarization] of
partial typical type-II multiferroics. Here only the experimental confirmed materials are shown. The values of
polarization are mostly measured by pyroelectric method for single crystals. For some polycrystalline samples, the
abbreviation “Poly” is indicated.
novel magnetoelectric effects, as demonstrated by the surface state of topological insula-
tors.
As a supplement to Tables 1 & 2, we also present a chronological portrait of the type-II
multiferroics in terms of the ferroelectric Curie temperature and polarization magnitude,
as shown in Fig. 45, where representative materials are listed for reference. Certainly,
we are in a good position to rejoice over the gradual progress of multiferroic research
over the years, substantial efforts along the imaginary upright arrows are needed, to be
presented below.
89
January 19, 2016 1:34 Advances in Physics arXiv2
T
a
b
le
2
.
A
b
ri
ef
su
m
m
a
ry
o
f
m
a
g
n
et
o
el
ec
tr
ic
eff
ec
ts
w
h
ic
h
a
re
cl
a
ss
ifi
ed
b
y
th
e
m
a
in
d
ri
v
in
g
fo
rc
es
in
v
o
lv
ed
.
“
M
E
li
n
k
”
d
en
o
te
th
e
m
ed
iu
m
li
n
k
in
g
m
a
g
n
et
is
m
a
n
d
el
ec
tr
ic
it
y.
In
ea
ch
ca
te
g
o
ry
,
o
n
ly
a
fe
w
o
f
re
p
re
se
n
ta
ti
v
e
m
a
te
ri
a
ls
a
re
li
st
ed
.
T
h
e
m
a
n
if
es
ta
ti
o
n
d
en
o
te
s
th
e
re
la
te
d
m
a
g
n
et
o
el
ec
tr
ic
p
h
en
o
m
en
a
.
T
h
e
o
rb
it
a
l
h
er
e
d
en
o
te
s
a
g
en
er
a
l
“
ci
rc
u
la
r”
-l
ik
e
m
o
v
em
en
t
o
f
el
ec
tr
o
n
s
b
u
t
n
o
t
li
m
it
ed
to
th
e
a
to
m
ic
o
rb
it
a
ls
.
D
ri
v
in
g
fo
rc
e
s
Im
p
le
m
e
n
ta
ti
o
n
M
a
te
ri
a
ls
M
E
li
n
k
M
a
n
if
e
st
a
ti
o
n
L
at
ti
ce
st
ra
in
v
ia
co
m
p
o
si
te
s,
sp
in
-l
a
tt
ic
e
p
iz
eo
el
ec
tr
ic
+
in
te
rf
ac
e
h
et
er
o
st
ru
ct
u
re
s
sp
in
-o
rb
it
m
a
g
n
et
o
st
ri
ct
iv
e
st
ru
ct
u
ra
l
m
u
lt
if
er
ro
ic
s,
la
tt
ic
e-
fi
el
d
sp
in
ca
n
ti
n
g
,
d
is
to
rt
io
n
m
a
g
n
et
ic
d
ie
le
ct
ri
cs
sp
in
-fi
el
d
el
ec
tr
o
m
a
g
n
o
n
S
p
in
m
u
lt
if
er
ro
ic
s
sp
in
-o
rb
it
p
o
la
ri
za
ti
o
n
ro
ta
ti
o
n
ax
is
/p
la
n
e
w
it
h
n
o
n
co
ll
in
ea
r
sp
in
-fi
el
d
/
su
p
p
re
ss
io
n
b
y
m
a
g
n
et
ic
sp
in
o
rd
er
s
fi
el
d
,
el
ec
tr
o
n
m
a
g
n
o
n
m
u
lt
if
er
ro
ic
s
w
it
h
sp
in
-l
a
tt
ic
e
p
o
la
ri
za
ti
o
n
su
p
p
re
ss
io
n
or
d
er
in
g
↑↑
↓↓
-l
ik
e
sp
in
-fi
el
d
b
y
m
a
g
n
et
ic
o
rd
er
s
la
tt
ic
e-
fi
el
d
fi
el
d
,
el
ec
tr
o
m
a
g
n
o
n
C
h
ar
ge
or
d
er
in
g
m
u
lt
if
er
ro
ic
s
ch
a
rg
e-
la
tt
ic
e
w
it
h
ch
a
rg
e
o
rd
er
in
g
,
sp
in
-c
h
a
rg
e
h
et
er
o
st
ru
ct
u
re
s,
fi
el
d
eff
ec
t
el
ec
tr
ic
tu
n
in
g
ca
rr
ie
r
d
o
m
a
in
w
a
ll
,
sp
in
-o
rb
it
o
f
m
a
g
n
et
iz
a
ti
o
n
/
m
a
g
n
et
ic
p
o
la
r
su
rf
a
ce
la
tt
ic
e-
fi
el
d
a
x
is
/
m
a
g
n
et
ic
tr
a
n
si
ti
o
n
O
rb
it
al
sp
in
-o
rb
it
ch
a
rg
e/
el
ec
tr
ic
to
p
ol
og
y
of
to
p
o
lo
g
ic
a
l-
b
a
n
d
sp
in
-fi
el
d
fi
el
d
tu
n
in
g
o
f
b
an
d
s
m
a
te
ri
a
ls
o
rb
it
-fi
el
d
m
a
g
n
et
ic
d
ip
o
le
/
m
a
g
n
et
ic
o
rd
er
90
January 19, 2016 1:34 Advances in Physics arXiv2
6.2. Novel multiferroics on the way
In fact, the pursuit of new multiferroics is still on the way. For applications, the desired
properties of a “good” multiferroic material include: 1) high serving temperatures; 2)
considerable magnetization and polarization; 3) strong coupling and cross-control be-
tween magnetization and polarization. The available materials up to date do not satisfy
all these requirements. Nevertheless, there have been indeed some incipient and fanciful
efforts devoted to searching for new multiferroics with better performance or new physics,
three of which will be highlighted as examples.
6.2.1. BaFe2Se3: crossover with superconductor family
Iron-based pnictides and chalcogenides have become new hot-spots in the condensed
matter community since 2008, because of their superconducting properties [487, 488].
However, no any in the two families of materials has been found to be multiferroic until
recently when Dong et al. predicted that iron-selenide BaFe2Se3 is a magnetic ferrielectric
with attractive multiferroic performance [489].
The crystal structure of BaFe2Se3 is shown in Fig. 46(a-c), which has two iron ladders
(labeled as A and B) in each unit. The long-range block-type antiferromagnetic order
(Fig. 46(b) and (d)) is established below 256 K, confirmed by both neutron studies and
first-principles calculations [490, 491].
The block antiferromagnetic order is a variant of ↑↑↓↓ spin chain. Therefore it induces
exchange striction. Indeed, as revealed by neutron studies, the iron displacements are
prominent: the nearest-neighbor distance between Fe(↑)-Fe(↑) [or Fe(↓)-Fe(↓)] at 200 K
becomes 2.593 A˚, shorter than the Fe(↑)-Fe(↓) distance of 2.840 A˚ [490]. As shown in
Fig. 46(b), the Se(5) and Se(7) heights do not need to be antisymmetric with respect to
the Fe ladder plane anymore. The same mechanism works for the edge Se, e.g. Se(1) and
Se(11). As a consequence, the Se atomic positions break the space inversion symmetry,
generating a local electric dipole aligned perpendicular to the iron ladders plane [489].
According to neutron studies, the block antiferromagnetic pattern shows a pi/2-phase
shift between the nearest-neighbor A-B ladders but a pi-phase shift between the nearest-
neighbor A-A ladders (and the nearest-neighbor B-B ladders), as in the Block-EX shown
in Fig. 46(d). The pi/2-phase shift between A-B ladders will induce (nearly) opposite
dipoles, as sketched in Fig. 46(d-e). A full cancellation does not occur due to a small
canting angle between the ladders A and B planes (Fig. 46(a)), leading to a residual
ferrielectric polarization (PEX) pointing roughly along the c-axis (Fig. 46(e)).
If the pi/2-phase shift between the ladders A and B is eliminated, the magnetic struc-
ture prefers the Block-MF state. Then, the magnetism-induced electric dipoles of all
ladders will coherently produce a combined polarization PMF pointing along the a-axis
(Fig. 46(e)).
In short, this Block-EX state may induce a ferrielectricity, with a net PEX pointing
along the c-axis, while the Block-MF state induces ferroelectricity with an order of mag-
nitude larger polarization PMF along the a-axis. As confirmed by the density functional
calculations, both the Block-EX and Block-MF are multiferroic. PMF is large and along
the a-axis (∼ 2 − 3 µC/cm2). The net polarization of the Block-EX is along the c-axis
and its magnitude is about 0.19 µC/cm2 (obtained from the pure GGA calculation),
which is one order of magnitude smaller than PMF, as expected [489].
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Figure 46. (Colour online) The crystal and magnetic structures of BaFe2Se3. (a) A side view along the b-axis.
Blue: Fe; green: Se; pink: Ba. (b) A Fe-Se ladder along the b axis and its magnetic order. The partial ionic
displacements driven by the exchange striction are marked by black arrows. (c) A unit cell considering the AFM
order. (d) The spin structures. Left: Block-MF; middle: Block-EX; right: Cx. The side arrows denote the local
dipole of each ladder. In (b-d), the Fe spins (↑ and ↓) are distinguished by colors. (e) A vector addition of the
dipoles of ladders A and B. Reprinted figure with permission from S. Dong et al., Physical Review Letters, 111,
p. 187204, 2014 [489] Copyright c©(2014) by the American Physical Society.
6.2.2. High temperature ferrimagnetic ferroelectrics by design
Benefitted from density functional calculations which are becoming powerful, new to
be synthesized materials with promising properties, can be “designed” by computers. A
recent example is on multiferroic double-perovskites.
In 2011, Lezˇaic´ and Spaldin predicted that 3d-5d double-perovskite Bi2NiReO6 and
Bi2MnReO6 are room-temperature ferrimagnetic ferroelectrics (strain-driven needed)
[492]. The design principle is intuitively based on two ingredients: 1) Bi3+ is a highly
polarizable ion for proper ferroelectricity; 2) the difference between 3d and 5d magnetic
moments can give rise to a considerable magnetization even if they are antiparallel.
Along this way, Wang et al. predicted a ferrimagnetic-ferroelectric phase of Zn2FeOsO6
with strong magnetoelectric coupling up to room temperature [493]. The genetic algo-
rithm [494] generated a polar ground state (space group R3). Using the coefficients
extracted from the density functional calculations, Monte Carlo simulation and molecu-
lar dynamics simulations suggested the ferroelectric and ferrimagnetic transitions above
room temperature. Due to the strong spin-orbit coupling of 5d orbitals, a strong corre-
lation between polarization and magnetic easy axis is expected, as shown in BiFeO3. In
summary, this is a BiFeO3-like material with multiferroic properties probably superior
to BiFeO3 [493].
The similar prediction based on the density functional calculations was also done for
R2NiMnO6/La2NiMnO6 superlattices [495]. The near room temperature ferromagnetism
due to the strong Ni-Mn exchanges was predicted, and a hybrid improper ferroelectric
polarization driven by the geometric mechanism as reviewed before is believed.
6.2.3. Ferromagnetic & ferroelectric titanates
The perovskite titanate family is attractive because they can be either ferroelectric (e.g.
BaTiO3) or ferromagnetic (e.g. YTiO3 [496]), depending on the valence of Ti. The d
0 state
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is likely to be ferroelectric while the d1 state can be ferromagnetic or antiferromagnetic.
By properly designing a [001]-oriented (A2+TiO3)1/(R
3+TiO3)1 superlattice, a ferro-
magnetic + ferroelectric titanate was predicted [419]. The ferroelectricity, as reviewed
in Sec. 3.3.2 and Sec. 4.3, originates from the improper structural-ferroelectric trilinear
coupling, as first proposed for SrTiO3/PbTiO3 superlattice [134] and further applied
to A3M2O7 system [135] and ABO3/A
′B′O3 superlattices [417]. The entangled charge
ordering (Ti3++Ti+4) and orbital ordering are crucial to determine the ferromagnetism
and insulating behavior. Thus, this system turns to be ferromagnetic and ferroelectric
[419].
6.3. New mechanisms needed
So far there have been a number of multiferroic materials whose ferroelectricity should be
magnetism-driven. However, the magnetic origins of ferroelectricity in these multiferroics
seem to be beyond currently known mechanisms. Examples include those two dimensional
triangular lattice antiferromagnets with 120◦ noncollinear spin order (e.g. CuCrO2 and
related materials [497, 498], RbFe(MoO4)2 [499], Ba3NiNb2O9 and related materials [86,
500]), and recently discovered LaMn3Cr4O12 with the collinear spin order [197]. Although
the multiferroicity of these materials can be covered with the phenomenological theory
framework, the decent microscopic mechanisms remain to be accessible. The unified
model proposed by Xiang et al. [87, 88] can be a hint but not an end to reveal the
microscopic mechanisms in the quantum level.
Besides, a number of issues regarding the multiferroicity of RMn2O5 remain unsolved,
although they were discovered ten years ago. The latest experimental findings, including
the large improper ferroelectric polarization [174] and room-temperature ferroelectricity
which is magnetism-irrelevant [175], makes this family of multiferroics more attractive
but still mysterious.
In addition, our understanding of the domain wall vortex in hexagonal RMnO3 and
magnetoelectricity at domain walls is far from comprehensive. A realistic microscopic
theory is not yet available in spite of several simplified phenomenological models reported.
6.4. New territories to explore
In general, the magnetoelectricity is not necessarily related to the multiferrocity, and
vice versa. Some magnets, like Cr2O3, show linear magnetoelectric response but they
do not own spontaneous ferroelectric polarizations (thus not multiferroics). This linear
magnetoelectric response also occurs in magnetic monopole systems. Thus, magneto-
electricity can be a concept extendable to broader territories and cover more materials.
For example, skyrmions and topological-band materials also exhibit the magnetoelectric
effects.
Furthermore, even for traditional multiferroics, the magnetoelectric physics is being
updated, going far beyond pure magnetism plus ferroelectricity. More degrees of freedom
are found to participate in the magnetoelectric phenomena. For example, the orbital
physics, which was once emphasized in colossal magnetoresistive manganites [501, 502],
are found to play important role in recently discovered multiferroics, e.g. CaMn7O12
[193, 503] and (A2+TiO3)1/(R
3+TiO3)1 superlattice [419]. Even for the simplest Ising-
chain type multiferroic Ca3CoMnO6, the spin-crossover, namely the transition between
high-spin state and low-spin state of Co2+, involves a subtle balance of the orbital degrees
of freedom [294]. For the E-type antiferromagnetic manganites, the orbital order can twist
93
January 19, 2016 1:34 Advances in Physics arXiv2
with ferroelectricity and magnetism [504]. Besides the charge and spin degrees of free-
dom which contribute to magnetoelectricity via their correlation with lattice, it is yet an
interesting issue whether the orbital degree of freedom can make a deterministic/direct
contribution to ferroelectricity/magnetoelectricity generation. In addition, other impor-
tant concepts in condensed matter physics and thermodynamics, such as quantum phase
transitions, quantum fluctuations, and critical slowing-down etc, are finding their figures
in this exciting discipline [505, 506].
Besides, the significance of some non-ferroelectric lattice distortion modes, as glue to
bridge magnetism and ferroelectric polarization in a number of multiferroics including
hexagonal RMnO3, RFeO3, A3M2O7, and ABO3/A
′B′O3 superlattices, is under inves-
tigations.
Traditionally, metallicity contradicts ferroelectricity. However, the latest studies have
predicted and found some exotic metallic ferroelectric materials, e.g. LiOsO3 [422]. The
underlying physics for this metallic ferroelectricity [423] does not exclude magnetism,
rendering metallic multiferroics to be a topic for exploration, as discussed recently in
magnetic superlattices [421]. In fact, according to the first-principles calculation, LiOsO3
locates at the edge between metallic paramagnetism and Mott-insulating antiferromag-
netism. Tiny modifications of LiOsO3 can render it to be a Mott multiferroic [507].
One more new area for multiferroic materials is green energy harvesting. Some mul-
tiferroics, like BiFeO3, are good ferroelectrics and proper semiconducting absorbers
for solar energy, which may be used as ferroelectric photovoltaics and photocatalyst
[24, 28, 433, 508–510]. A recent theoretical calculation predicted hexagonal mangan-
ites to be promising photovoltaics [511]. The photoferroelectricity, although not directly
related to magnetism in the current stage, crosses with multiferroicity in physics and
broadens the perspective of applications.
Another relevant subtopic is the physics of defects and domain walls in multiferroics.
In general, defects may create impurity levels in the forbidden band, tune the local struc-
tures, and pin the domain walls in ferroic materials. The emergent physical properties,
including magnetoelectricity here, may be altered around the domain walls. The state-
of-the-art experimental techniques can now detect the magnetoelectric domain in typical
type-II multiferroics whose ferroelectric signals are faintly weak, helpful for extending the
domain wall nanoelectronics [512]. The defect enrichment at ferroelectric domain walls
has been fully confirmed [428, 430], while new phases with different chemical components
at the structural domain walls can be created by defect engineering for TbMnO3 films
deposited on SrTiO3 [513].
Recently, Shang et al. proposed that the two-terminal model device made of magne-
toelectric material is one of the fourth fundamental circuit elements, which completes
the relational graph together with resistor, capacitor, and inductor [514]. Previously, a
memristor was proposed as the fourth element [515], and later achieved in experiments
[516]. However, the emergence of magnetoelectric materials may change this scenario. A
magnetoelectric system can establish a direct correspondence between charge and mag-
netic flux, while a memristor cannot. Such a conceptual revision, not only re-emphasizes
the fundamental physics of magnetoelectricity, but also initializes exploration of magne-
toelectrics as circuit devices.
In short, a number of new issues and challenges have been brought into the multifer-
roic community. The magnetoelectricity is becoming a highly inter-discipline territory in
which new concepts, new phenomena, and new physics are emerging.
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6.5. New applications
Naturally, one of the ultimate aims of research on multiferroicity and magnetoelectricity
is the application of multiferroic materials. With no doubt, researches on multiferroics
are moving towards applications-oriented targets. While some magnetoelectric compos-
ite materials have already found extensive territories in which many prototype devices
and integrated systems based on the strong magnetoelectric coupling effects are under
development, e.g. magnetoelectric transducers, sensors, actuators, and microwave ac-
tive/passive components etc [67]. A number of epitaxial ferromagnetic plus ferroelectric
heterostructures, multilayers, and superlattices have been prepared and their application
potentials as multi-state field effect transistors, magnetic sensors, and tunneling junctions
among many others, are under investigations [396].
Definitely not beyond our grasp, BiFeO3 among various single phase multiferroics is
on the verge of practical applications for its prominent ferroelectricity and environmen-
tally friendly property. It is also a ferroelectric semiconductor and ferroelectric pho-
tovoltaic/photocatalytic candidate. Besides, the complex but well-controllable domain
structures in BiFeO3 thin films present a number of application potentials not only in
domain electronics. Hexagonal manganites/ferrites (RMnO3/RFeO3) may play similar
roles considering their high ferroelectric critical temperatures, moderate polarizations,
and narrow band gaps.
For other single phase multiferroics and heterostructures, major interests are currently
onto fundamental aspects more than application sides. While the low ferroic-ordering
temperatures and weak electric/magnetic signals are disadvantageous in terms of imme-
diate application targeting, the established framework of multiferroic physics and plenty
of magnetoelectric phenomena do provide an innovative integration of knowledge on
designing/fabricating high performance materials for elevated temperature magnetoelec-
tric devices. It is indubitability that the continuous advantage of this lifeful discipline is
looking forward to breakthroughs in near future.
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